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ABSTRACT
Gold Nanoparticle-Based Surface Plasmon Mediated Surface-Enhanced Raman Scattering
and Energy Transfer Platforms for Sensing Applications
Ming Li

Gold nanoparticles (GNPs) exhibit unique optical properties, depending on the particle size,
geometrical shape, and medium refractive index and interparticle interactions, etc. Among these
optical properties, localized surface plasmon resonance (LSPR) has significant effects on the
electromagnetic field around the GNPs. The LSPR-induced electromagnetic field enhancement is
beneficial to the surface-enhanced Raman scattering (SERS) and energy transfer processes. This
dissertation deals with the effects of LSPR on SERS and energy transfer between CdSe/ZnS
quantum dots and GNPs. Specifically, the research aims to gain better understanding of (i) the
electromagnetic enhancement induced by charge transfer from GNP to molecules, (ii) the SERS
in various shaped gold nanostructures, (iii) the energy transfer from quantum dots (QDs) to
GNPs, and (iv) SERS- and energy transfer-based sensing platforms for detection of chemical
species and biomolecules.
The SERS of two different types of molecules on GNPs has been investigated. It has been
found that the aromatic molecules such as p-mercaptobenzenoic acid (MBA) exhibit stronger
SERS activity than the linear-chain molecules such as 3-mercaptopropionic acid (MPA) and Lcysteine (Cys). The difference in the SERS activity is attributed to the distinct electronic
structures among these molecules. The electron transfer from GNPs to MBA can occur under
laser excitation. The transferred electron can effectively strengthen the electromagnetic field
around GNPs, leading to electromagnetic enhancement of SERS.
Furthermore, the SERS in different shaped gold nanostructures (gold nanospheres (GSPs),
nanorods (GRDs) and nanostars (GSTs)) has been investigated. GSTs show the highest SERS
enhancement. Three-dimensional finite-difference time domain (FDTD) method has been used to
simulate the electric field distribution. It is demonstrated that the electric field can be
concentrated around two ends of GRDs and these tips of GSTs, and the GSTs show the highest

maximum electric field intensity under both excitations of 532 nm and 785 nm. It is suggested
that the shape of gold nanostructures governs the SERS difference among GSPs, GRDs and
GSTs.

In

addition,

gold@malachite

green

isothiocyanate(MGITC)@SiO2

sandwiched

nanostructures have been prepared. SiO2 encapsulation not only improves the colloidal and
LSPR stability but also endows excellent reproducibility of SERS signal due to the prevention of
MGITC leaking. It is demonstrated that the GST@MGITC@SiO2 can be used for monitoring of
DNA hybridization and for detection of adenosine triphosphate (ATP) with high sensitivity.
Energy transfer between the CdSe/ZnS QDs and GNPs was investigated. The 3 nm GNPs
without observable LSPR absorption quench the fluorescence emission of the QDs following a
nanometal surface energy transfer (NSET) while the large sized GNPs quench the fluorescence
emission via the Förster resonance energy transfer (FRET) with a 1/d6 distance dependence. The
quenching efficiency of fluorescence emission increases with the increase of particle size. It is
suggested that the involvement of LSPR and the increasing spectral overlap between the LSPR
band and the fluorescence emission spectra are responsible for the enhanced energy transfer from
CdSe/ZnS quantum dots to GNPs.
An ultra-sensitive fluorescent sensor based on the quantum dot-DNA-gold nanoparticle
ensemble has been developed for detection of Hg(II). When Hg(II) ions are present in the
aqueous solution containing the DNA-conjugated quantum dots (QDs) and GNPs, the QDs and
the GNPs are brought into the close proximity, which enables the nanometal surface energy
transfer (NSET), quenching the fluorescence emission of the QDs. This nanosensor exhibits a
limit of detection of 0.4 ppb and 1.2 ppb toward Hg(II) in the buffer solution and in the river
water, respectively.
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CHAPTER 1: INTRODUCTION

1.1 Motivation
Rapid advances in technology and industrialization have improved and will continue to
improve living qualities of human beings for a long time ago. Nevertheless, they also actually
result in releases of lots of hazardous substances into our surrounding environments, thus exert
potential environmental risks and toxicities to human health. In addition, food security issues
have been emerging in both developed and developing countries in despite of long-term efforts.
Illegal food additives from high-technology are added to daily food or drink by profit-driven
manufacturers, and threaten a big community’s health. Typically, in USA, the Defusco’s
salmonella outbreak has recently sickened 60 people in Rhode Island and Massachusetts [1].
Jennie-O Turkey burgers purchased from Sam’s Club locations are being recalled after being
linked to at least 12 Salmonella illnesses occurred from December 2010 to March 2011 in ten
states of USA [2]. In 2008, the tainted milk produced by Sanlu, one of the biggest food security
events in China, killed at least six children and made 300, 000 other people ill because of
addition of melamine to raw milk to make it appear high in protein [3]. Also, scandals were
found in Soccer players and track athletes who made use of illegal drugs to improve their
performances. In addition, Industrial sources including coal and gold mining, solid waste
incineration, wood pulping, fossil fuel combustion and chemical manufacturing release persistent
and toxic heavy metals such as mercury, copper, arsenic, and so on, into the solid surface and

1

surface waters. These substances that are either real or potential risks to health may enter the
food supply and consequently cause illness by food poisoning.
The increasing demands for high-quality life require more efficient and simple approaches to
ensure homeland security including forensic science, monitoring of controlled substances, food
safety, and detection of counterfeiting, etc. [4]. Analytes to be monitored or quantified vary from
illegal food additives, drug to viruses, bacteria, protein, DNA in a wide range of matrices from
solid, surface waters to air. Currently, some approaches are routinely used to detect analytes in
wide fields shown above. These approaches include electrochemical approach, atomic absorption
spectroscopy, cold vapor atomic fluorescence spectrometry, gas chromatography, mass
spectrometry, super-resolution microscopy, and colorimetric approach, and so on. Also, there are
numerous companies involved in developing commercial available devices for homeland
security such as Tetracore, ICx Technologies and Smiths Detection. However, many of these
approaches require complicated, multistep sample preparation and sophisticated instrumentation
as well as give the drawback of poor sensitivity. There is a strong incentive to develop reliable,
convenient, efficient and cost-effective approaches for the monitoring of food safety, water and
air quality, and chemical warfare agents along with biological and nuclear weapons.
Although the specific requirements may vary according to different applications, a reliable
sensor commonly requires (1) high sensitivity, (2) high selectivity, (3) real-time and point-ofcare (or on-site) detection, (4) continuous detection, (5) multiplexing detection, (6) low-cost, and
(7) ease operation and portability, and so on. Among a large number of sensing strategies, optical
assays particularly provides an optimized combination of speed, sensitivity, robustness and
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safety. Therefore, in the present work, we aim to develop sensing strategies with high sensitivity,
high selectivity and potential portability.
Both surface-enhanced Raman spectroscopy (SERS) [7] and fluorescence spectroscopy have
been demonstrated to be both of promising sensing strategies in a wide range of applications.
SERS has potential advantages in the application of chemical sensing include [5] (1) the
fingerprint information of targets of interest, (2) the enabled detection of different species at the
same time, (3) real-time, portable point-of-care detection capability as well as (4) ease operation,
etc. Due to these unique attributes, SERS has been potentially considered to be a promising
portable point-of-care detection among all measurement techniques. However, SERS sensor still
is in the infancy of academic study, and no reliable and low-cost commercial device is available.
Also, the physical and chemical essence behind the SERS remains unclear, and development of
high-quality SERS sensor is being desired. It is widely accepted that the SERS enhancement is
attributed to the strong electromagnetic enhancement (EM) and the chemical enhancement (CE),
and entanglement of two enhancement mechanisms allows the difficult investigation of their
cross-effects. In addition, physical essence of effects of substrates with distinct LSPR on SERS
enhancement still needs to be further clarified.
On the other hand, fluorescence resonant energy transfer (FRET) is extensively used to
design the fluorescent senor. Typically, most of fluorescent sensors employ organic dyes as
energy donors in resonance energy transfer (RET)-based sensors, which suffer drawbacks of
narrow excitation profile, nonsymmetrical emission spectra and photobleaching, etc.
Semiconductor nanocrystals (quantum dots, QDs) have emerged as novel fluorescent labels and
are substituting for the conventional organic fluorophores [6]. This is ascribed to the great
advantages of inorganic nanocrystals over the conventional organic dyes in aspects of optical and
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electronic properties. Semiconducting QDs exhibit broad excitation profiles, narrow and
symmetric emission spectra, high photostability, high quantum efficiency and potential
multiplexing detection capability. In addition, Strouse et al. reported that use of 1.5 nm gold
nanoparticles as energy acceptors enables more efficient energy transfer and bigger detection
length, leading to the nanometal surface energy transfer (NSET) mechanism [8]. Despite that
successive efforts have been made from experimental and theoretical points of view, most of
their work was focused on small gold nanoparticles with little or no localized surface plasmon
resonance (LSPR) absorption in the NSET system, and involvement of LSPR and its effect on
the energy transfer have been paid less attention.
To sum up, this project is motivated by demands (1) to develop detection tools with high
reliability, high sensitivity and specificity, and portability, etc., (2) to fundamentally understand
functional components in SERS and RET-based sensors and (3) to investigate contributions of
LSPR to the improved performances in SERS- and RET-based sensors.

1.2 Objectives
The overall objective of the project is to investigate the energy transfer and the charge transfer
processes in the semiconductor-metal nanoparticle systems that may be correlated with LSPR
and to subsequently develop effective sensing platforms based on SERS and energy transfer. In
order to realize the overall objective mentioned above, the following specific aims will be
pursued.

(1) To investigate the charge transfer-induced electromagnetic enhancement in SERS
4

Both EM and CE mechanisms are widely accepted to make main contributions to SERS. We
modify gold nanoparticles of LSPR absorption around 520 nm using different molecular
structures, which are 3-mercaptopropanol acid (MPA), p-mercaptobenzoic acid (MBA),
thiophenol (TP) and L-cysteine (Cys), respectively. Both MBA and TP possess similar planar
structures while there are linear structures for both MPA and Cys. In most of systems, crosseffect of electromagnetic resonance and charge transfer is entangled. MBA, MPA and Cys
contain –COOH group, which can interact with the divalent ions through coordinate chemistry.
We use divalent ions to link two gold nanoparticles together, and then create “hot spots” in
which SERS of molecules is significantly amplified. The average SERS spectra are collected in
these systems, and the SERS activity is investigated. The contributions of both charge transfer
and LSPR to the EM enhancement will be discussed.

(2) To investigate size and shape effects on SERS enhancement, and theoretically correlate
LSPR with experimental SERS enhancement factor
Previous experimental and theoretical efforts have been made to understand the size, shape
and composition-dependent LSPR properties in gold and silver substrates. Substrates with
different sizes and shapes exhibit distinct LSPR position and electromagnetic field distribution.
For example, concentration of electromagnetic field was found in the anisotropic nanostructures,
especially sharp tips in triangles, elongated nanorods, nanowires or nanostars. Undoubtedly,
these structures will possess distinct SERS enhancement based on the |E|4-approximation
dependence in SERS. We will focus on the SERS in different sized gold nanospheres, gold
nanorods and gold nanostars. Three-dimensional finite-difference time domain (FDTD) analysis
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will be carried out to understand the distinct SERS enhancements in these different shaped gold
structures.

(3) To develop SERS sensors for monitoring DNA hybridization and ATP detection
Based on the above investigations, we will prepare a Raman probe for biocompatible
applications. The gold@malachite green isothiocyanate(MGITC)@SiO2 sandwiched structure
will be prepared because the SiO2 protective layer allows easy surface functionalization and
stability of MGITC molecules within the SiO2 layer. This kind of sandwiched structure will be
used for monitoring DNA hybridization. Also, a SERS sensor for adenosine triphosphate (ATP)
detection will be developed with DNA aptamer as the recognition element.

(4) To investigate energy transfer from QDs to gold nanoparticles with and without LSPR
absorption
Previous work was focused on the small gold nanoparticles with little or no LSPR absorption
in which NSET mechanism was proposed. We will investigate the energy transfer between QDs
and gold nanoparticles with different sizes, and gain some mechanistic insights into the energy
transfer when LSPR is involved.

(5) To develop fluorescent sensors for Hg2+ detection based on QD/DNA/gold ensembles
After the mechanism of the interaction of QDs with gold nanoparticle is clarified, a
fluorescent sensor will be developed for Hg2+ detection using QDs as energy donors and gold
nanoparticles as energy acceptors. The complementary oligonucleotides are designed and
synthesized with given T-T mismatches. The specific binding of T-Hg2+-T renders the sensor
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excellent selectivity. We check the sensitivity, and selectivity as well as the anti-interference
capability, etc. The Hg2+ detection in river water matrix from the Monongahela River is carried
out to know about the real use in the practical application.

1.3 Significance
In general, the enhancement factor of Raman signal is dependent on the Raman reporter and
the substrate. Furthermore, SERS essentially originates from the LSPR, so developing the SERS
substrate with the strong and controllable LSPR absorption will improve the performances of
SERS sensor. SERS sensor is in its infancy even considered to be the most promising detection
technique in the point-of-care application. Investigation of various components of SERS sensor
will benefit to the understanding of functionality of each component and the construction of
SERS sensor. On the other hand, the incorporation of QDs as fluorophores into the fluorescent
sensor is expected to take advantages over the conventional fluorescent sensor based on the
organic dyes in stability, cost-consumption, and multiplexing capability, etc. Use of gold
nanoparticles with strong LSPR absorption will benefit to the improvement of performances of
sensors.
We believe that use of gold nanoparticles in SERS and fluorescent sensors is a wise strategy
to improve the performances of sensors and will benefit to high sensitivity, high stability as well
as low-cost, and is of significance from fundamental and applicable points of view. More
importantly, the developed sensors provide possibility for multiplexing detection and on-site
detection in an ease operation and low-cost manner.
Incorporation of nanomaterials into energy transfer and SERS sensors will benefit to the
sensor in the following aspects: (1) improved detection limit, (2) reduced dimension of sensor,
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(3) reduced energy consumption, and (4) enhanced multiplexing detection capability in a small
size, etc. Consequently, use of nanomaterials will lead to the improvement of performances of
SERS sensor and fluorescent sensor in aspects mentioned above.

1.4 Dissertation organization
In this dissertation, we focus on gold nanoparticles in constructions of SERS and fluorescent
sensors, and improvement of performances in these sensors because of involvement of different
LSPR features. In addition to experimental investigations, theoretical analysis is carried out to
gain some mechanistic insights into physical essences in sensors containing various kinds of gold
nanoparticles. This dissertation is divided into eight chapters.
•

Chapter 1 overviews the research background and motivation, and states the objective and
the significance of the project.

•

Chapter 2 provides the background knowledge and recent developments in SERS and RETbased fluorescent sensors, along with introduction of LSPR in both kinds of sensors, which
are necessary to understand the experiments, discussion and conclusions in the following
chapters.

•

Chapter 3 performs the fundamental investigation of chemical enhancement and
electromagnetic enhancement in SERS, and mainly focuses on the chemical contribution to
the electromagnetic enhancement in SERS.

•

Chapter 4 deals with the shape effect in SERS. Gold nanospheres, nanorods and nanostars are
used, and correlation of experimental results is carried out with the results from threedimension FDTD simulation. In addition, Raman tagged gold nanostructures encapsulated by
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SiO2 are investigated for biological applications and its application in DNA hybridization
monitoring is demonstrated.
•

Chapter 5 is engaged in the development of SERS sensor for ATP detection based on the
gold nanostar@MGITC@SiO2 as the signaling probe.

•

Chapter 6 is devoted to the energy transfer from QDs to gold nanoparticles. Involvement of
LSPR into the energy transfer is addressed and its energy transfer mechanism is analyzed.

•

Chapter 7 describes a real fluorescent sensor for Hg2+ detection based on the energy transfer
between QDs and gold nanoparticles. Sensitivity, selectivity and anti-interference capability
of this sensor are examined in both buffer solution and river water matrix from the
Monongahela River.

•

Chapter 8 gives a summary of the whole work in this dissertation, itemizes the conclusions,
and discusses future directions that do not fall into the scope of this work.
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CHAPTER 2: BACKGROUND AND LITERATURE OVERVIEW

2.1 Surface plasmon resonance absorption
2.1.1 Fundamentals of surface plasmon resonance
Surface plasmon resonance (SPR) arises from the collective charge oscillations of the free
conduction electrons of the metal in resonance with incident electromagnetic radiation [1,2]. For
many metals such as Pb, In, Hg, Sn and Cd, the plasma frequency lies in the UV part of the
spectrum, there is no color effect observed, and more importantly, they are unstable in ambient
condition while conversely, Cu, Ag and Au show plasmon frequency in the visible-light region
[3]. The formation of a surface plasmon can be briefly seen as follows: the electric field of the
incoming radiation induces the formation of a dipole in the nanoparticle, and there is a restoring
force that tries to compensate it, so that a unique resonance frequency matches this electron
oscillation within the nanoparticle (Figure 2.1). In nanoscale objects, the size becomes
comparable with or smaller than the wavelength so that the electromagnetic oscillation modes
then exist in the discrete form. In this case, SPR is also called localized surface plasmon
resonance (LSPR), which plays dominant roles in SERS and other LSPR-related optical effects.
For elongated nanoparticles, two different resonance modes are observed as a function of their
orientation with respect to the direction of the electric field of incoming electromagnetic
radiation. The resonance parallel to the long axis of the structures refers to the longitudinal
surface plasmon resonance band while the resonance perpendicular to the long axis leads to a
transverse surface plasmon resonance band (Figure 2.1b) [3].
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Figure 2.1 Schematic illustration of (a) an electromagnetic radiation with a metal nanosphere. A
dipole is induced, which oscillates in phase with the electric field of the incoming light. (b)
Transverse and longitudinal oscillations of electrons in a metal nanorod [3].

Over the past several decades, theoretical efforts advance in modeling the mater-light
interaction [1,4-7]. The classical work in light absorption and scattering was carried out by Mie
in 1908, which presented a solution to Maxwell’s equation and then described the extinction
spectra (including absorption and scattering) of spherical particles. According to the Mie theory,
one can predict the position and shape of plasmon absorption spectrum for spherical and
spheroidal metal particles, shown by the following equation:

E (λ ) =

24π 2 NR 3ε M 3/ 2
λ ln(10)

⎡
⎤
ε i (λ )
⎢
2
2⎥
⎣ (ε r (λ ) + χε M (λ )) + ε i (λ ) ⎦

(2.1)

where εr and εi are the real and imaginary components of the dielectric function of the metal, εM
is the dielectric function of the surrounding medium, R is the radius of the particle, χ is the factor
related to the eccentricity of the particle and N is the number of atoms in the particle.
Furthermore, the subsequent derivatives of Mie’s work have given further understanding and
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predictions for optical absorption of elongated structures and other nonspherical structures. The
most commonly used one is from Garnett in which the optical properties can be described by the
dielectric function of effective medium (εeff) as follows [8,9]:

ε eff − ε M

L • ε eff + (1 − L) • ε M

= f•

ε r (λ ) − ε M
L • ε r (λ ) + (1 − L) • ε M

(2.2)

where εr is the real part of the dielectric function of the metal particle, εm the dielectric function
of the surrounding medium, L the shape factor of the particle, and f the filling factor reflecting
the extent of the particle-particle interactions by means of their dipolar fields.

2.1.2 Specific factors influencing LSPR
Based on Mie’s theory, the features of the LSPR absorption around the nanoparticles strongly
depend on particle size, geometrical shape, composition of materials, medium refractive index
and interparticle interactions, etc. The following descriptions are devoted to introducing these
factors involved in LSPR.
Liz-Marzán et al. systematically investigated the size-dependence of LSPR absorption in gold
nanospheres from theoretical and experimental points of view [3]. The LSPR absorption redshifts with the increasing particle size although the increasing extent is much smaller than that in
the geometrical shape. Nevertheless, the effect of particle size is difficult to be investigated in
real environment because in general, most of particles exist in colloidal status, and the
interparticle interaction still affects the LSPR in both intensity and position. Recently, Van
Duyne et al. employed a correlated high resolution transmission electron microscopy (HRTEM)
LSPR technique to monitor the size-dependence in silver bipyramids, silver cubes, and gold
cubes, in which statistical analysis was performed on a large number of single particles [10]. It
was found that the slope of the dependence of LSPR peak on size for silver bipyramids increases
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as the edges become sharper. At the same time, an increase in substrate refractive index, and a
change of composition from silver to gold all lead to a red-shift of the LSPR frequency.
Investigations have suggested that the red-shift in LSPR peak with particle size and
concentration originates from the size-dependent dielectric function of gold core electrons [9].
The development of synthetic techniques, largely deriving from colloid chemistry as well as
lithographic techniques, has allowed researchers to control the geometry of nanomaterials [1115]. Various shaped particles (nanospheres, nanorods, and nanowires, etc.) and assemblies on
solid substrates have been demonstrated to generate distinct LSPR absorption in both position
and distribution [3,11,16,17]. Concentration of electromagnetic field has been found in the
anisotropic nanostructures, especially sharp tips in triangles, elongated rods and nanostars, etc.
Theoretical calculation and experiment results indicate that the transverse mode blue-shifts while
the longitudinal mode red-shifts with the increasing aspect ratio (length to width ratio) of gold
nanorods. More importantly, a small change in aspect ratio can adjust the longitudinal plasmon
across the whole visible region toward the near infrared region, which is significantly effective in
comparison with that in size change. Typically, the seed-mediated growth method is used to
make gold nanorods with various aspect ratios [11,12]. EI-Sayed, Murphy and Xia groups have
made great contributions to the synthetic methodology of gold nanorods and the evolution of
optical properties in these gold nanorods. EI-Sayed et al. successfully synthesized gold nanorods
with aspect ratios of 1 to 10, which display a longitudinal plasmon mode from 600 to 1300 nm
[18]. Xia et al. developed an approach to make gold nanowires using wetting chemistry and other
shaped gold nanomaterials for SERS application [19]. Various shaped patterns on solid
substrates have been prepared by well-developed lithographic techniques, which enable us to
probe the shape-dependent LSPR and the coupling of LSPR. As well-known, the coupling
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interactions between patterns depend on not only the shape and composition of materials but also
the spacing and size. The coupling between patterns with different shapes and spacing can
generate new surface plasmon characteristics [4, 20-23].
In addition, Mie theory and its derivatives show that dielectric functions of metals and its
surrounding medium produce effects on the LSPR position and intensity, which renders the
possibility of SPR sensors in principle [24-29]. Addition of analytes causes the shift of LSPR
absorption due to the change in the dielectric function. In this case, Otto and Kretschmann
configurations are two of the most commonly used set-ups for chemical sensing [30,31].

2.2 Surface-enhanced Raman scattering and fluorescence
2.2.1 Surface-enhanced Raman scattering
As described previously, SERS is a powerful technique for chemical sensing, biological
imaging and environmental monitoring, etc. In principle, SERS originates from the amplified
electromagnetic field (or LSPR) around the nanostructures. When an incident light is directed to
the metal nanostructure, the induced LSPR occurs at the surface and then generates the amplified
electromagnetic field. As a result, the modified electromagnetic fields inside (Ein) and outside
(Eout) of the sphere vary, which can be calculated by the Maxwell’s equations [1,6].
Ein =

3ε M
E
ε (λ ) + 2ε M 0

⎡ z 3z
⎤
Eout = E0 z − α E0 ⎢ 3 − 5 ( zz + xx + yy ) ⎥
r
⎣r
⎦

α = g (λ )α 3 with g(ω )=
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ε r ( λ ) − ε i (λ )
ε r ( λ ) + 2ε i (λ )

(2.3)

(2.4)

(2.5)

where εM and ε are the dielectric function of the medium and the metallic particles, E0 is the
magnitude of the incident field, α is the metal polarizability, r is the radial distance, x, y, and z
are the Cartesian coordinates, x, y, and z are the unit vectors.
Figure 2.2 schematically illustrates operation principle of Raman spectroscopy in comparison
with infrared spectra and Rayleigh scattering. The electric field of incident light distorts the
molecule’s electron cloud, causing it to undergo electronic transition to a higher energy ‘virtual
state’ (not a true quantum mechanical state of the molecule). Raman scattering results in the
release of a scattered photon with different energies from the incident photon, and the difference
in energy being equal to the vibrational transition is characteristic of the molecular structure,
which is reflected with the form of peaks in the Raman spectra.
Due to the LSPR under the incident light, the electromagnetic wave around nanostructures is
modified (eqs. 2.3 and 2.4) and consequently there is a huge amplification of electromagnetic
field, which makes main contribution to the amplification of Raman scattering event. In addition,
the electron transfer processes from metal to molecule or vice versa is also demonstrated to
produce the SERS process, which will be introduced in detail later. Simply saying, factors
influencing the SERS enhancement include the incident laser, detection set-up, SERS substrate
and the analyte, etc.
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Figure 2.2 Schematic operation principle of Raman spectroscopy in comparison with infrared
spectroscopy and Rayleigh scattering.

Figure 2.3 Jablonski diagram illustrating the excitation and emission process of a molecule.
17

2.2.2 Fluorescence and resonance energy transfer
Photoluminescence is the emission of light from any substance and occurs from electronically
excited states to the ground state accompanying with release of photons, which is typically
divided into two categories: fluorescence and phosphorescence. The photoluminescence process
of molecules can be usually illustrated by the Jablonski diagram (Figure 2.3). Fluorescence is
emission of light from singlet excited states to the ground state, in which the spin orientation of
electrons is kept constant, while phosphorescence comes from the inactivation of triplet excited
states. Due to the nature of forbidden transition, phosphorescence emission rate is much slower
than that of fluorescence. The fluorescence emission as well as the absorption is usually
characteristic of the molecular structure.
As seen in Figures 2.3 and 2.4, the energy of emission is typically much less than that of
absorption. The reasons are speculated to be due to the internal conversion from higher excited
states to lower excited states, vibrational relaxation and other energy losses. The difference in
energy between the absorbed photon and the emitted photon is called as Stokes shift. It should be
noted that the mirror-image rule is followed between absorption and emission spectra, especially
some of organic dyes, with some exceptions in semiconductor fluorescent materials (Figure 2.4).
The quantum yield (Φ) is an important character of a fluorophore, which describes the
number of emitted photons relative to the number of absorbed photons. It is usually given by the
following expression [33]:
Φ=

Γ
Γ + knr

where Г and knr are the emissive rate and non-radiative decay rate of the fluorophore,
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(2.6)

Figure 2.4 Absorption and fluorescence spectra of Rhodamine 6 G in ethanol.

respectively. In practical applications, determination of the quantum yield is generally
accomplished by comparison of the wavelength integrated intensity of the unknown to that of the
standard [33]:

Φ = ΦR

I OD R n 2
I R OD nR2

(2.7)

where I, OD and n are the integrated intensity, the optical density and the refractive index of the
unknown sample and reference sample (R), respectively. In this case, both unknown and
reference samples should hold the same excitation wavelength, otherwise the intensities need to
be corrected.
Fluorescent sensors have been designed and used for applications in life-science field since 60
years ago. Resoance energy transfer (RET) is considered as a kind of efficient strategy to
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construct fluorescent sensors. RET typically occurs between an energy donor molecule in the
excited state and an acceptor in the ground state. The donor molecules emit at short wavelengths
that overlap with the absorption spectrum of the acceptor, and the acceptor does not necessarily
fluoresce. The RET process does not undergo emission of photon from the donor and reabsorption by acceptor but is the result of long range dipole-dipole interactions between the
donor and the acceptor. The energy transfer efficiency strongly depends on the spectral overlap
between the fluorescence emission spectrum and the absorption spectrum. The conventional
approach uses organic dyes as the acceptor, and in this process, the Förster resonance energy
transfer (FRET) mechanism was proposed [34-36]. Recently, it has been found that replacement
of organic dyes with small gold nanoparticles results in the nanometal surface energy transfer
(NSET) and offers more efficient energy transfer at long separation distance [37-42]. Both FRET
and NSET belongs to the RET process, and originates from the dipole-dipole interaction in
essence. But more dipoles exist on the gold surface, and thus more dipoles can interact with the
fluorophore in the gold system.
The energy transfer efficiency (E) in RET process follows [43]:

E=

1
1 + (r / R0 ) n

(2.8)

where r is the separation distance; n=6 for FRET and n=4 for NSET; R0 is the separation distance
at energy transfer efficiency of 50%:
R0(FRET) = 0.211(κ 2 Φ D ( n) −4 J (λ ) )

1/ 6

(2.9)
1/ 4

R0( NSET)

⎛
⎞
1
Φ
= ⎜ 0.225 • 2D •
• c3 ⎟
ωD ω F k F
⎝
⎠
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(2.10)

where ΦD is the quantum yield of the donor in the absence of acceptor, n is the refractive index
of the medium, κ2 describes the relative orientation in space of the transition dipoles of the donor
and the acceptor, ωD and c represent the angular frequency of the donor emission and the light
velocity in vacuum, ωF and kF are the bulk gold angular frequency and Femi vector, respectively,
and J(λ) is the overlap integral between the normalized donor emission and the acceptor
extinction coefficient.
The FRET efficiency can be experimentally measured by the integrated fluorescence intensity
or life-time of the donor in the absence (ID, τD) and presence (IDA, τDA) of acceptor:
E = 1−

I DA
τ
= 1 − DA
ID
τD

(2.11)

2.3 Localized surface plasmon resonance in SERS and RET
2.3.1 Enhancement mechanisms in SERS
Currently, it is widely accepted that the SERS enhancement is mainly attributed to
electromagnetic enhancement (EM) and chemical enhancement (CE) mechanisms. It is found
that the EM mechanism makes dominant contribution in SERS through comparing the
enhancement factors of EM and CE [44-47]. The enhancement factors of EM and CE
mechanisms are typically in the range of 104-1015 and 10-102, respectively. Understanding
physical essence of both EM and CE in SERS is paramount to manipulate and construct SERS
sensors. We overview EM and CE enhancement mechanisms that contribute to the SERS effect
in the following.
(1) Electromagnetic enhancement
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The EM enhancement mechanism is mainly due to the resonance excitation of plasmon
oscillations in the metal nanoparticles by the incident laser light. The resonance excitation of
LSPR results in an amplified electric field in the vicinity of the metallic surface. Figure 2.5
describes the generation of LSPR, and the consequent amplification of Raman scattering of
analytes positioning at the “hot spots”. The electromagnetic field enhancement due to the LSPR
excitation under external incident light includes the local field enhancement at the molecule
position and the radiation enhancement due to the modified Raman dipole [2]. Therefore, the
SERS EM problem mainly lies in understanding the following two effects: modification of the
EM field and the radiation properties of a dipole.

Figure 2.5 Schematic illustration of electromagnetic enhancement in surface-enhanced Raman
scattering of a molecule on a gold or silver film on nanosphere.

The local electromagnetic field ELoc at the molecule is very different, both in magnitude and
orientation, to the incident field EInc. The local field intensity enhancement factor can be given
by:
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M Loc (ωL ) =

| E Loc (ωL ) |2
| E Inc |2

(2.12)

The local field intensity enhancement exists at the position close to the metallic surface, and is
associated with a coupling to LSPR. As a result, the local field intensity enhancement factor is a
function of the incident wavelength. Typically, the gap (“hot spots”) between two metallic
objects has the highest local field intensity enhancement.
In addition to the local field enhancement, the radiation enhancement factor is related to the
modified electromagnetic field [2,4]. Nevertheless, this kind of enhancement is also dependent
on the Raman scattering process. Therefore, simply assuming that the radiation enhancement is
equivalent to the local field enhancement, the total SERS EM enhancement factor is a result
combining with the local field enhancement and radiation enhancement:
d
EF ≈ M Loc (ωL ) M Rad
(ωR )

≈

| E Loc (ωL ) |2 | E Loc (ωR ) |2
| E Inc |2
| E Inc |2

≈

| E Loc (ωL ) |4
| E Inc |4

(2.13)

This indicates that the total SERS EM enhancement factor follows a |E|4- approximation on the
relative electromagnetic field intensity enhancement. This expression provides the theoretic
fundaments for electromagnetic study of SERS.
(2) Chemical enhancement
In addition to the electromagnetic field enhancement from the LSPR coupling, SERS can be
also chemically enhanced due to the charge transfer between the metallic particle and the
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adsorbed molecule, and the modulation of the metallic particle polarizability by the vibrational
motion of the adsorbed molecule [44,48-50]. In the case of charge transfer mechanism, the
transfer of an electron from the metal to a molecular orbit of the adsorbate will change the
potential in the molecule and induce a change in position of the nuclei of the atoms. When the
electron tunnels back to the metal, the molecule will return to the ground state. The charge
transfer process facilitates the excitation of Raman scattering (Figure 2.6).

Figure 2.6 Schematic illustration of the charge transfer mechanism in a SERS process. (a) The
laser energy directly excites the SERS process in resonance with an electronic transition of
metal-molecules complex, and the metal disturbs the electronic structure of molecule and thus
changes the polarizability; (b, c) the electron transfer indirectly occurs through the metal.

As well-known, Raman scatterings of all molecules in the vicinity of SERS substrates are
simultaneously amplified without any selectivity in the EM enhancement. However, previous
results have indicated that the SERS process shows selectivity toward different molecules in
some cases, which is attributed to the charge transfer mechanism. Different structural molecules
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exhibit distinct SERS activity even on the same SERS substrate. In addition, it is necessary to
chemically bind Raman molecules onto the SERS substrate and form the metal-molecule
complex. Thus, the charge transfer mechanism explains some phenomena which cannot be
explained by the EM mechanism.
Both EM and CE mechanisms co-exist in most of systems, which makes difficult the
mechanistic investigation in the practical work [50-52].
2.3.2 Effect of LSPR on RET
As mentioned above, RET occurs through the dipole-dipole interaction between the donor and
the acceptor. Similar to LSPR in SERS, the enhanced electromagnetic field originating from the
excitation of LSPR can influence radiative and nonradiative rates of a fluorophore due to a
change in the optical local density of states [53-56]. The degree of change depends on the
spectral overlap of the donor’s emission and the acceptor’s absorption with the LSPR as well as
the position and orientation in FRET. Nitzan et al. theoretically predicted an enhancement of the
energy transfer rate up to 6 orders of magnitude when a plasmonic metal material was introduced
into a FRET system [55]. Reil and co-workers experimentally and theoretically found that the
FRET depends on the interaction of donors and acceptors with plasmonic resonances in a nearby
metallic nanoparticle [54]. The presence of LSPR modifies the decay rates of donor and
acceptor. The electromagnetic field, in particular the near-field of a donor molecule, can excite
the LSPR of a metallic nanoparticle, and thus leads to the decrease or increase of radiative and
non-radiative rates. Finally, this changes the effective Förster radius and the FRET efficiency as
well as the quantum yields of the donor and acceptor. Lakowicz et al. performed intensive
investigations which are contributed to the FRET in the presence of plasmonic metals [56]. They
found that FRET is efficiently enhanced by the plasmonic metal particles, and the apparent
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energy transfer distance increases with the size of silver particle and distance away from the
metal. LSPR-enhanced FRET depends on the electromagnetic interaction of the donor and
acceptor with the metal particle, and a large metal particle can result in a more efficient coupling
of LSPR with the emission field.
The work mentioned above was mainly focused on the effect of plasmonic metals on the
FRET process, and the metal particle plays an individual role of plasma supports in these works.
Recently, it has been found that gold nanoparticles can also act as the energy acceptor, and its
use as the acceptor in a RET system leads to more efficient energy transfer and longer detection
distance in comparison with that of conventional organic dyes [37-40]. Strouse et al. conducted
intensive fundamental work in this area. The spectral overlap between the donor and gold
acceptor is determinant in the quenching of fluorescence of the donor [38,39]. Furthermore, Lee
et al. suggested that the energy transfer quenching efficiency is governed by the absorption
cross-section of the gold nanoparticles [57]. The larger sized gold nanoparticles result in more
efficient quenching of fluorescence emission of QDs. However, understanding of the
fluorescence quenching by the gold nanoparticle is still limited, and the intrinsic physical origin
behind this system remains unclear. It is of fundamental and practical significance to further
understand the energy transfer process containing gold nanoparticles with various LSPR
characters, which will aid in the design of RET-based sensing devices for chemical and
biological applications.

2.4 Applications of SERS and RET approaches
As described in Chapter 1, a wide range of applications of SERS and RET-based approaches
can be found in biological warfare agent, detection of explosives (e.g., TNT), forensic science,
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environmental monitoring, food safety, industrial safety, chemical process, anti-bioterrorism and
detection of counterfeiting. Research on nanostructured materials and the use of nanostructured
arrays in these sensing strategies is addressing the need for better analyte selectivity and
sensitivity. In addition, developing new nanostructures and their designs for SERS and RETbased sensors are important steps to realize the objective of miniaturized, inexpensive, portable,
and on-site detection in a static and continuous manner in remote environments. The following
part is devoted to giving an overview of the recent progress of SERS and fluorescent sensors,
which addresses the development and use of new nanomaterials and nanostructures in particular.
2.4.1 Application of SERS
The discovery of SERS has re-inspired the interest of Raman spectroscopy not only as the
structure analysis technique but also the chemical and biological sensing technique. Developing
the SERS sensor is one of the hottest topics in chemistry, materials science, and life science.
SERS has been used for detection of chemical and biological species at the single molecule level
[58-61]. The material composition, size, shape and surface roughness impose great effects on the
surface plasmon peak position, intensity and distribution, and thus affect the SERS signal [62].
In general, stronger electromagnetic field and the resulting higher SERS appear on the location
close to the sharper and rougher surface. These structures with such SERS features are extremely
desired.
SERS-based approaches have some advantages over fluorescent, SPR, and electrochemical
ones [63], including (i) label-free detection, (ii) excellent reproducibility, (iii) more reliable
multiplexing capability because of finger-printing Raman spectra, (iv) much higher sensitivity,
and (v) potentially greater flexibility due to larger pools of available and non-overlapping Raman
molecules.
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(1) Nanoparticle-based SERS
Local electromagnetic field is significantly enhanced at the gap between two particles, the socalled “hot spot”, which allows SERS enhancement factor to increase up to 1012-1015 [64].
Therefore, the nanostructures with sharp or rough junctions are preferable for SERS-based
sensing. At present, the conventional approach is to obtain the condition-controllable aggregation
of gold nanoparticles or silver nanoparticles. The Raman tags positioned at the “hot spot” can
respond to the enhanced electromagnetic field, and thereby result in the SERS activity.
Highly SERS active nanostructures, including engineered dimers and trimers, can be obtained
by the advanced synthetic chemistry and nanofabrication technique [65,66]. These homogeneous
and reproducible structures further allow making high quality sensors with expected detection
limit. Bell and Sirimuthu have used citrate-coated silver nanoparticles as the SERS substrate to
determine the sequence of the DNA/RNA mononucleotides in the presence of MgSO4 [67]. The
silver nanoparticles without any modification were just directly added to the solution containing
mononucleotides. The cation Mg2+ induced the aggregation of the silver nanoparticles, and
mononucleotides existing at the gap between the silver nanopartilces exhibited the enhanced
Raman signal, leading to a detection limit at ppm level. Therefore, the direct injection of
nanoparticles or silver nanoparticles into the biological cell resulted in the in situ detection of
biomacromolecules. Lee et al. have developed a SERS-active platform through self-assembly of
DNA-functionalized gold nanospheres and gold nanowires [68]. Gold nanoparticles were
functionalized by Raman tag-labeled single strand DNA while gold nanowires were
functionalized by another DNA. After adding the complementary DNA, one end of the target
DNA bound to DNA adsorbed on the gold nanopsheres while the other end of target DNA bound
to DNA on the gold nanowires. Thus, the gold nanosphere-DNA-gold nanowire sandwich
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architecture was formed to create the “hot spot”. Raman signal from Raman tag existing in the
“hot spot” was significantly enhanced. This system was demonstrated to be sensitive and specific
for pathogen DNA targets with the detection limit at the pM level. It has a potential for
diagnostics of infection diseases. The application of SERS for in vivo spectroscopic detection of
tumor in live animals was investigated by Nie group, in which the small molecule tagged gold
nanoparticles displayed brighter imaging for the rumor target than QDs [69]. In addition, the
detection of explosive TNT is demonstrated by Ray group using cysteine-modified gold
nanoparticles. TNT can form Meisenheimer complex with cysteine and displayed specific SERS
signal under incident laser [70].
Nanostructures with high roughness, like nanostars, nanoflowers and nanotriangles, have also
been used as SERS platforms, which bring high enhancement factors [71-73]. In addition, the
composite materials with core/shell structures are able to amplify the local electromagnetic field,
and even induce the fast, efficient electron transfer for the chemical enhancement of Raman
signal [74]. However, the stability and the homogeneity of nanomaterials still remains a
challenge, which may influence the reproducibility of Raman signals.
(2) Bead-based SERS sensors
Besides Raman tags were directly adsorbed onto the surfaces of nanospheres, nanowires and
nanotubes, they are also embedded into beads for multiplex bioassay [63,75-77]. This brings in
great advantages of: (i) long-term stability and reproducibility, (ii) less side reaction, (iii) great
enhancement in signal of given analytes, (iv) facile surface functionalization for immobilization
of biomolecules, and (v) no leakage of Raman tags.
Several approaches were used to obtain the beads that are encoded by multiple Raman tags for
signal amplification. Raman tags were either encapsulated into the core or the shell layer. In Nie
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group’s work, Raman tags (organic dyes) were incorporated into the SiO2 shell layer with a gold
nanoparticle as the core [76]. The organic dyes containing the isothiocyanate group can be
homogeneously dispersed into the SiO2 shell. The organic dye-engineered gold/SiO2 core-shell
nanomaterials could avoid the problems including surface adsorption, substrate variations and
poor reproducibility, and paved a novel way for multiplex detection of biomarkers. The Raman
tag-embedded SiO2 layer functionalized with carboxyl or amino groups can easily bind to
biomolecules, and thereby are applied to the SERS-based biological imaging. Wang et al. have
investigated the Au/SiO2 beads for detection of pesticide residues on fruits, yeast cells and other
small molecules [77]. In addition, Zhang et al. have found that the Raman tag-embedded SiO2
core-Au shell beads exhibited giant enhancement of SERS, which is probable ascribed to the fact
that the nanoshell acts as a cavity to concentrate the electromagnetic field [78].
SERS-encoded hollow particles, which typically exhibit enhanced SERS, are another kind of
efficient structure for biological assays. Alvarez-Puebla et al. have prepared gold nanoparticleencapsulated SiO2 hollow particles, which were encoded by benzenethiol, 4-nitrobenzenethiol or
4-hydroxybenzenethiol [64]. After adding the antibody-modified gold nanoparticles, the
antibody-capsule conjugates were specifically bound to the antibody-Ag conjugates. Thereby the
SERS signal from encoding species was obtained. Multiplex detection of biotargets can be
realized with the mixed Raman tags. Six dissimilar DNA targets were simultaneously detected
by the use of six Raman-labeled gold nanoparticle probes. The resulting SERS probes exhibited
a detection limit of 20 fM [79].
(3) Chip-based SERS sensors
A small area of chip can provide a SERS biosensing platform with multiplex detection
capability and improved flexibility. Reich et al. have reported a sensing strategy based on SERS
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in order to detect the DNA sequence [80]. They added the DNA/silver nanoparticle conjugates to
the DNA-functionalized silver film modified by Raman dyes. The smooth silver film produced
only low SERS enhancement. After the DNA-modified silver nanoparticles were added, the
single strand DNA complementarily bound to the DNA strand adsorbed on the silver film. As a
result, the hot spots were created, leading to enhancement of the Raman signal.
Monitoring of chemical warfare agents and explosives is of great significance for homeland
security in the current context of international anti-terrorism. Van Duyne group has investigated
SERS biosensing for biowarefare agent using silver FONs for the first time [27,81]. The
characteristic down-concave structure among those spheres provides the strong electromagnetic
field for SERS. The detection of Bacillus subtilis spores was conducted through the extraction of
calcium dipicolinate, a biomarker for bacillus spores. It was found that the limit of detection
reached 2.1×10-14 M, which was below the anthrax infectious dose of 104 pores. In addition, the
SERS spectra associated with the nanostructured metal substrate and various kinds of virus
provides rapid detailed fingerprint information and released rapid and simple detection of virus
[82].
Arrays of various nanopatterns have been used for SERS detection. These nanopatterns
include nanoflowers, nanoholes, nanodots and nanotriangles of silver or gold on silicon or glass
substrates, and are extremely stable [21,83]. Typically, the localized surface plasmon resonance
absorption bands red-shift in order of sphere < cylinder < cube < prism < pyramid. The surface
plasmon distribution surrounding the patterns varies as a function of its geometry. The strongest
electromagnetic field appears near the sharp tip. Crozier and co-workers reported a doubleresonance SERS substrate, showing advantages over conventional single-resonance structures
[84-86]. The double-resonance substrate consisted of a gold or silver disk array, a SiO2 spacer
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and a continuous gold film. The strong coupling interaction between localized surface plasmon
and propagating surface plasmon contributed to the enhancement of the local field and the
double-resonance feature in extinction spectra. The SERS enhancement factor of doubleresonance structure was more than two orders of magnitude higher than that of a gold disk array
on the glass substrate. The largest SERS enhancement factors for the gold device and the gold
device were 7.2 ×107 and 8.4×108, respectively. In addition, Bazan et al. have developed a
SERS-active platform to detect multi-analytes simultaneously in a single bioassay [87]. The
silver micropad was prepared on the silicon surface, and then functionalized with a mixture of
three different aptamers. The three aptamers can specifically bind to three proteins, that is,
human α-thrombin, platetlet-derived growth factor-BB and immumoglobutin E, respectively.
Three different Raman tags were chemically adsorbed onto the silver nanoparticle surface. After
each protein was specifically bound onto the corresponding aptamer, three different Raman taglabeled silver nanoparticles were incubated in the aptamer-modified silver mircopad, and
recognized by aptamers. Thus, the aptamer-silver mircopad/protein/Raman reporter-silver
nanoparticle sandwiched architecture was formed, leading to the SERS signal. This sensor
yielded a limit of detection of 100 pM.
2.4.2 Application of RET-based fluorescent approaches
Fluorescent sensors have been demonstrated to be useful for chemical sensing and
bioimaging. Many contributions were carried out with respect to organic fluorescent sensors in
the past decades. Since 1990s, inorganic semiconductor nanocrystals (quantum dots, QDs),
metallic cluster fluorophores and organic-inorganic composites have emerged as novel
fluorescent labels in biosensing and imaging, and are substituting for the conventional organic
fluorophores. This is ascribed to great advantages of inorganic nanocrystals over the
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conventional organic dyes. Semiconducting QDs exhibit broad excitation profiles, narrow and
symmetric emission spectra, high photostability and high quantum efficiency and excellent
multiplex detection capability. For example, QDs with different emission wavelengths can be
excited by single excitation source while organic dyes with different emission wavelengths must
be excited by multiple excitation sources. Demand of simultaneous detection of more targets in
single assay drives the development of inorganic nanocrystal-based fluorescent probes to replace
organic fluorophores. Herein, we focus on the overview of inorganic fluorophores in the
following part.
(1) Nanoparticle-based fluorescent sensors
Chalcogenide QDs are enxtensively used in fluorescent biosensors. However, they are toxic
and hydrophobic. Recent development of synthetic chemistry has allowed preparing watersoluble QDs with mitigated toxicity [88-90]. The strategy developed for enabling
biocompatibility is to modify the surface of QDs with 3-mercaptobenzoic acid (MPA),
dihydrolipoic acid (DHLA), HS-poly(ethylene glycol)-carboxyl acid (HS-PEG-COOH), or other
hydrophilic and bifunctional ligands.
The size-tunable optical properties allow QDs to act as optical acceptors as well as donors for
biosensing based on Förster resonance energy transfer (FRET) [91,92]. Mattoussi group and
Willner group have pioneered this area for detection of biomacromolecules, toxic metal ions and
hazardous explosives, etc. Mattoussi and co-workers linked single-chain antibody fragments to
the surface of DHLA-modified QDs (CdSe/ZnS core/shell) [93]. This antibody was pre-bound
by a dye-labeled 2,4,6-trinitrotoluene (TNT) analogue. Exposure to the solution containing TNT
resulted in displacement of TNT analogue pre-bound in the antibody binding site away from
QDs, thereby the recovery of fluorescence emission of QDs. This system exhibited a limit of
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detection of 20 ng/mL for TNT. The excellent specificity of this assembly for TNT was
demonstrated by examining three other analogues (Tetryl-DNT, 2,-A, 4,6-DNT and 2,6-DNT). It
was reasonably expected that this system had the potential for multiplexed detection of targets
through the use of QDs with different emission wavelengths. Willner and co-workers adopted the
similar structured assembly to investigate hybridization and cleavage of DNA [94]. DNA/QDs
conjugates were initially hybridized with the complementary Texas Red-labeled DNA. Addition
of DNase I resulted in the cleavage of DNA, and successively the partial recovery of
fluorescence emission of QDs.
Besides the organic dyes as the acceptor, gold nanoparticles can be used for the acceptor for
RET, as mentioned above. Grant and co-workers have assembled the biosensor with
fluorophores as the energy donor and gold nanoparticles as the energy acceptor, modified by
specific capture antibody [95]. This assembling was found to be a feasible method for Porcine
Reproductive and Respiratory Syndrome Virus (PRRSV) detection with the detection limit of 3
particle/μL. Furthermore, gold nanoparticles and silver nanoparticles with the size down to
several atoms to 1-2 nm exhibited high photoluminescence quantum yields with respect to large
particles and bulk materials [96,97). Their fluorescence emission wavelength varies from blue to
near-IR region. The emission wavelength undergoes a blue shift as the size of particles
decreases. These fluorescent nanoparticles have been employed for detection of heavy metallic
ion [96] and small molecules [97], showing the excellent selectivity for Hg2+ and a detection
limit of 5.0 nM in the presence of 2,6-pyridinedicarboxylic acid (PDCA). But less investigation
was conducted to detect biomacromolecules both in vivo and in vitro, probably due to their
unstable structure and difficult modification.
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Nanowire- and nanotube-based fluorescent biosensors are attractive for the optical bioassays
because of their confined electron transportation along the one-dimension direction. Chen et al.
have assembled a DNA aptamer probe through attaching thiolated thrombin binding aptamer on
gold nanowires [98]. Exposure of these probes to the biotinylated thrombin led to the specific
recognition of targets labeled by fluorescent reporter. The fluorescence intensity from the probetarget-reporter assembly varied as a function of the distance between the fluorophore and the
gold nanowire due to the surface energy transfer. When the positive potential was applied to the
gold nanowire, the fluorophore was attracted toward the nanowire, leading to the decrease of the
fluorescence intensity. When the negative potential was applied to the nanowire, the fluorophore
was repelled away from the surface, which resulted in the recovery of the fluorescence intensity
from the fluorophore. This biosensor can detect the thrombin at a single molecule level with the
limit of detection of 100 fM. It was believed that the electrically modulated fluorescence method
can be extended to detection of other targets.
Novel composite nanomaterials, such as QD-carbon nanotubes and QD-graphene oxides, are
really efficient candidates for fluorescent biosensors. Graphene oxide has been extensively
studied for biosensors because of its unique characteristics such as facile surface modification,
high mechanical strength, good water dispersibility, and photoluminescence [99]. The planar
structure facilitates the electron and energy transportation in particular. In addition, graphene
oxide is also a kind of ideal support for nanoparticle loading. Seo and co-workers have reported a
graphene oxide-based immuno-biosensor for pathogen detection with high sensitivity and
selectivity [99]. This sensor was based on the photoluminescence quenching of graphene oxides
through the FRET process induced by the Au NPs. The antibody-modified graphene oxides
could recognize the pathogen due to the specific antigen-antibody interaction. This system
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showed a detection limit of 105 pfu/mL, which was comparable with that of the conventional
ELISA technique. Similarly, carbon nanotubes were demonstrated to be an efficient fluorescence
quencher in biosensors [100]. The high stability and mechanical strength make carbon nanotubes
feasible to be used in the stringent detection environment. Tan et al. have reported a hairpinstructured assembly, which consists of oligonucleotide-modified SWNTs and dyes-labeled
complementary oligonucleotides [100]. Upon the complementary recognition of oligonuleotides,
carbon nanotubes quenched the fluorescence emission from the dye tags.
(2) Bead-based fluorescent biosensors
Fluorophore-embedded beads can contain more than one fluorescent molecule in one particle
to achieve high sensitive and high throughput analysis of targets. This strategy exhibits superior
characteristics for bioassays [101-103], including: (i) avoiding the leakage of the fluorescent
label and resulting long-term stability, (ii) enhancement of the fluorescence intensity and
consequently the improved sensitivity, and (iii) facile surface functionalization for
immobilization of biomolecules. Multiple detections can be realized through trapping the
fluorophors with different emission spectra into single bead. The multiplex detection capacity
depends on the spectral coding in the bead, which is determined by the intensity level and the
color (emission wavelength) number. Theoretically, n intensity levels with m colors generate
distinct (nm-1) codes [104].
Nie and co-workers have applied this approach to demonstrate the potential of the QDembedded beads for multiple spectral coding [104]. Different-sized QDs with different
fluorescent emission were incorporated into the polymeric microbeads at the precisely controlled
ratios. The dye-labeled DNA target was combined with the DNA-functionalized microbeads that
contained the QDs at different concentration ratios. Thus the signals for multiple targets can be
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exhibited simultaneously at the single-bead level. This fluorescent platform can be used for high
throughput detection of targets such as DNA, cancer biomarkers and heavy metals.
Nabiev et al. have explored the multiplex detection of circulating autoantibodies, the markers
of systemic sclerosis [103]. The microbeads coded by three QDs with green, orange and red
emissions were functionalized by the antigens, followed by coating of the bovine serum albumin
protein. The specific interaction between the microbead and the antibody turned the fluorescence
signal from the dye label “off” and “on” through the FRET mechanism. The results demonstrated
the promising application of QD-encoded microbeads for multiplexed antibody profiling, clinical
diagnostics of autoimmune diseases.
(3) Chip-based fluorescent biosensors
In two-dimensional bioassays, chips are usually patterned with various nano-scale or microscale structures. Chip-based fluorescent assays allow massive detection and screening of targets
in a small area and can be integrated with microfuidics to build lab-on-chip systems. Alivisatos
and co-workers have successfully deposited the QDs with specific fluorescence emission
wavelength on the defined micrometer-sized surface to form the micropattern-containing QDs
[106]. In this case, the micrometer-size gold pattern was grown on the top of a silicon wafer
using the standard lithography technique. The gold pattern provided easy surface chemistry for
DNA immobilization. Following this, the QDs of different emission wavelengths were
functionalized by the corresponding complementary single strand DNA, respectively. Immersion
of the Au patterned chip into the mixed DNA-QD conjugates resulted in the specific collection
of QDs onto the corresponding Au patterns due to the specific interaction between the DNA-QD
conjugate and the DNA-gold patterns. Although the authors’ initial purpose was to sort the
fluorescent nanocrystals, the resulting QD-coated gold patterns possessed the specific
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fluorescence emission, which is suitable for the multiplexed detection of biological targets at the
nanometer scale.
Kim et al. have developed a novel biosensor for Hg2+ detection with a chip patterned by
polydiacetylene [107]. The diacetylene molecules have an epoxy group that provides the versatile
linkage chemistry for bioconjugation with biological molecules. The polydiacetylene-liposome
microarray was obtained by the successive modification of glass substrate using amine
functionality, amidation of epoxy liposomes, and linkage of single strand DNA aptamer. The
red-phase polydiacetylene emitted the fluorescence that was dependent on the external stimuli.
After addition of Hg2+, the formation of T-Hg2+-T complexes caused the configuration change of
the T-rich DNA aptamer, leading to the change in the fluorescence emission. This sensor
exhibited the detection limit as low as 5 µM Hg2+.
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CHAPTER 3: CHARGE TRANSFER INDUCED ELECTROMAGENTIC
ENHANCEMENT OF SURFACE RAMAN SCATTERING

3.1 Introduction
Surface-enhanced Raman scattering (SERS) possesses a promising application in a wide
range of fields including environmental monitoring, chemical and biological sensing, and food
safety, etc.[1,2]. This is mainly due to its superior characteristics of high sensitivity (e.g. single
molecule level), multiplexing detection capability, and simple and inexpensive manipulation [36]. Fundamental understanding of physical essence for the SERS process is necessary to develop
the SERS device in various applications. It is well-known that the remarkable enhancement of
Raman signals arises from the chemical enhancement (CE) and the electromagnetic enhancement
(EM) mechanisms [7-10]. Both the mechanisms co-exist in most of SERS systems but the
contribution of CE mechanism is much lower than that of EM enhancement [4,11,12]. The CE is
mainly ascribed to the charge transfer between the metal and the chemisorbed analyte molecules
[4,13]. The EM enhancement is due to the excitation of significant localized surface plasmon
resonance (LSPR) absorption in the local electric field on the surface of the nanostructures,
which results from the interactions between the metallic nanostructures and the incident
electromagnetic field. Co-existence of the CE enhancement with the EM enhancement makes the
mechanistic investigation difficult in the SERS system, and their respective roles in the SERS
process are difficultly distinguished.
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As introduced in Chapter 2, Raman signals of all molecules positioning in the “hot spots” are
significantly amplified based on the EM mechanism. In the CE enhancement, the charge transfer
process is dependent on the molecular structure, as demonstrated by previous studies [4,14].
Conjugated molecules are preferable for electron transfer [14], so the chemical enhancement in
SERS due to the charge transfer is supposed to be dependent on the molecular structure. That is,
Raman signals from different molecules can be selectively enhanced to different extents in the
charge transfer mechanism. Chumanov et al. reported an effect of plasmon-induced electronic
coupling in silver nanoparticle arrays on silver mirror film with various organic molecules [15].
It was indicated that the cross-effect between LSPR and the molecular structure can be found in
the SERS process. However, limited investigations on effects of molecular structure on chemical
enhancement mechanism in SERS and their interactions with electromagnetic field are available.
To further understand the CE and EM enhancement mechanisms in SERS, a systematic
investigation on SERS of various structural molecules on different LSPR substrates is necessary.
In this chapter, the presented work is focused on the SERS of different molecules (e.g. linear
and planar) on various sized gold nanoparticles. Contribution of charge transfer to the
electromagnetic enhancement of SERS of these organic molecules is investigated.

3.2 Materials and experimental methods
3.2.1 Chemicals
Chloroauric acid trihydrate (HAuCl4·3H2O), thiophenol (TP), (L)-cysteine (Cys) (98+%),
trisodium citrate dehydrate (Na3C6H5O7·2H2O, ACS, 90.0+%) and hydrochloric acid standard
solution (1.0 N) were purchased from Alfa Aesar. p-mercaptobenzoic acid (MBA, Technical
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grade 90%), 3-mercaptopropionic acid (MPA, 99+%) and Hg(NO3)2 were purchased from
Sigma-Aldrich. 80 nm sized gold nanoparticles (NPs) were purchased from BioAssay Works
Naked Gold (USA). All materials were used as received. All solvents were obtained from the
commercial sources and used without further purification. Deionized (D.I.) water produced by
the Milli-Q Integral 3/5/10/15 system (18.2 MΩ/cm2, Millipore Corp., USA) was used for the
preparation of all the solutions. All glassware was successively cleaned with nitric acid and D.I.
water, and then dried before use.
3.2.2 Synthesis of gold nanoparticles
The mono-dispersed gold colloids in a diameter of 15 nm were synthesized by the wellestablished citric reduction method [16-18]. Typically, an aliquot of 50 mL aqueous solution of
chloroauric acid trihydrate (0.4 mM) was heated to boiling under magnetic stirring. 2 mL
trisodium cirate dihydrate (1%wt) aqueous solution was then added. As the reaction time
prolonged, the solution underwent a series of color changes, and finally became wine red. The
solution was held at boiling for 1 h, and then naturally cooled to room temperature. The molar
concentration was calculated by UV-Visible absorption spectroscopy based on the Beer-Lambert
law using the molar extinction coefficient of 1×108 (M٠cm)-1 [19]. Generally, the concentration
of the aqueous solution was 12.0 nM.
Gold nanoparticles in diameter of 3 nm were synthesized by the modified Brust-Schiffrin
method [20]. Typically, 0.5 mmol (0.197 g) of HAuCl4•3H2O dissolved in a 5% (w/v) aqueous
solution will be mixed with 1.5 mmol of MBA or MPA in 100 mL methanol to give a transparent
solution in a 250 mL flask. 15 mL NaOH aqueous solution (0.3 M) was then added.
Subsequently freshly prepared 25 mL aqueous sodium borohydride (NaBH4) solution (0.2 M)
was added at a rate of 5 mL per min with vigorous stirring under Ar flow in an ice bath. The
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solution turned dark-brown immediately. Further addition of the reductant led to a dark-brown
precipitate. After further stirring for 30 min, the solvent was removed after centrifuging at 3,000
rpm for 5 min. The precipitate was then washed twice with a 20% (v/v) water/methanol solution
through an ultrasonic redispersion-centrifugation process to remove the inorganic or organic
impurities. This process was repeated with 99.8% methanol to remove unbound thiols. As a
result, MBA- or MPA-functionalized gold nanoparticles were obtained and stored at 4 oC for
further use.
3.2.3 Modification of gold nanoparticles
As-prepared 15 nm sized gold nanoparticles were modified by MBA, MPA, Cys or their
mixture with TP, respectively. A stock solution of these ligands (3.0 mM)) was prepared in
ethanol. 1 mL ethanolic stock solution of MBA, MPA or Cys was added to 15 mL of the crude
gold nanoparticle aqueous solution, heated up to 40-50 oC to evaporate ethanol, and then
magnetically stirred at room temperature for 2 h. For modification by the mixed ligands with
MPA and TP, ethanolic stock solutions with various MPA to TP ratios were added to the asprepared 15 nm gold nanoparticle aqueous solution, respectively.
As-prepared 3 nm sized gold nanoparticles were modified by MBA or MPA. In the case
where MBA is absent, we used gold nanoparticles prepared in the MPA ligand, but in the case
where MBA is present, the gold nanoparticles prepared in the MBA ligand were used. Typically,
2.5 mg 3 nm gold nanoparticles were added to 100 mL D.I. water and held for at least 30 min to
get a 12 nM gold nanoparticle solution. Subsequently 1 mL MPA, TP and MBA ethanolic
solution was added to 15 mL aqueous solution of gold nanoparticles, respectively. For the
modification of the mixed ligands with MPA and TP, the stock solutions with various MPA to
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TP ratios were added to the as-prepared 3 nm gold nanoparticle solution functionalized by MPA.
The solution was incubated overnight for future use.
The 80 nm sized gold nanoparticles were modified by MBA as follows. 1 mL MBA ethanolic
solution (3.0 mM) was added to 15 mL aqueous solution of 80 nm gold nanoparticles with the
concentration of 12 nM. The rest of the procedure was similar to that for modification of 15 nm
sized gold nanoparticles.
3.2.4 Creation of ligand-modified gold nanoparticle aggregation
1 mL of the 10 mM Hg2+ solution was added to l mL of the surface-modified gold
nanoparticle aqueous solution to obtain aggregates of gold nanoparticles.
In the case of different pH values, the pH value was adjusted by addition of KOH (5 M) or
HCl (1 M). In this work, 4 different 4-MBA modified 15 nm gold nanoparticle samples with the
pH value of 1.5, 4.7, 6.3 and 10.1 were prepared.
3.2.5 Characterization
The size of gold nanoparticles was observed under a transmission electron microscope (TEM)
with a JEM 2100F operated at 200 kV. The TEM specimens were prepared by dropping the gold
nanoparticle solution onto a carbon-coated copper grid, and then dried in air. UV-visible
absorption spectra were recorded in the range of 200-800 nm with the Shimadzu UV-2550
spectrometer (Japan). The Fourier transform infrared (FTIR) spectra were obtained under the
transmission mode by using KBr pellet method in a Thermo Nicolet 6700 spectrometer. Raman
spectra were collected using a Renishaw invia Raman spectrometer at the excitation lasers of
514.5 nm or 532 nm. A microscope equipped with 20× objective was used to focus the incident
excitation laser. The laser power on the sample was 50 mW (or 500 mW). For Raman
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measurement, a drop of solution was placed onto the glass slide. Three spectra from different
sites were collected. The averaged spectra were obtained to represent the SERS results.

3.3 Creation of “hot spots” and experimental principle
Four commonly used small molecules, which are MBA, MPA, TP and Cys, were used,
respectively (Figure 3.1a). These molecules possess planar structures and linear structures, and
can bind onto the gold surface through the S-Au bond [21,22]. Figure 3.1b schematically shows
the formation of gold nanoparticle aggregates in the present of Hg2+. Firstly, the gold
nanoparticles were modified by small molecules mentioned above (e.g. MBA, MPA or Cys). The
modified gold nanoparticles can be well-dispersed into the water solution, and thus less or
negligible “hot spots” contribute to the SERS. Then, addition of Hg2+ brings in gold
nanoparticles close to each other through the coordination chemistry between Hg2+ and
carboxylic group [23-25]. FTIR and TEM demonstrated the formation of gold nanoparticle
aggregates as well (Figure 3.2). It can be seen that MBA
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Figure 3.1 (a) Molecular structures of ligands used. (b) Schematic illustration of “hot spots”
formed by the coordination chemistry between divalent ion (e.g. Hg2+) and carboxylic group.

shows an absorption peak around 2550 cm-1, which is assigned to the –S-H bond [26].
Nevertheless, in the case of MBA-gold nanoparticles, the peak around 2550 cm-1 disappeared,
which is attributed to formation of the S-Au bond [27]. On the other hand, the C=O peak around
1720 cm-1 disappeared after addition of Hg2+. This is mainly due to the dissolution of C=O band
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Figure 3.2 (a) FTIR of pure p-mercaptobenzoic acid, p-mercaptobenzoic acid-modified gold
nanoparticles with 15 nm in diameter before and after Hg2+ addition. TEM images of pmercaptobenzoic acid-modified gold nanoparticles (b) before and (c) after Hg2+ addition.

through the coordination of Hg2+ toward COOH group (Figure 3.1b). Therefore, the present
results indicate that modification of gold nanoparticles and addition of Hg2+ enable the
generation of gold nanoparticle aggregates.
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3.4 SERS of different structural molecules
Figure 3.3 shows the UV-visible absorption spectra and the corresponding SERS spectra of
various ligands on 15 nm gold nanoparticles under the excitation of 514.5 nm laser. It can be
seen that the absorption at longer wavelength is much stronger in solutions containing the Hg2+
than that without Hg2+ for all ligand-modified gold nanoparticles. This is because gold
nanoparticle aggregates form in the presence of Hg2+, which is consistent with the results in the
previous work [28,29]. The SERS band around 1045 cm-1 is assigned to the vibration mode of
the aromatic ring. The bands around 1125 cm-1 and 1282 cm-1 are attributed to deformation
modes of C-H. The 881 cm-1 and 1457 cm-1 peaks correspond to the deformation mode δ(COO-)
and the stretching mode νs(COO-), respectively [30,31]. The SERS signal from the gold
aggregates in the presence of Hg2+ is much stronger than that from the dispersed gold
nanoparticles in the absence of Hg2+. Such SERS enhancement is ascribed to the created “hot
spots” between proximal gold nanoparticles in the aggregates due to the coupling of dipole
plasmon [32,33]. Furthermore, it should be noted that MBA displays much more SERS active
than MPA and Cys on the gold nanoparticle surface. We attribute this to the difference between
the planar aromatic structure of MBA and the linear structure of MPA and Cys, which results in
different electronic structures and electronic states in essence. As is well-known, the charge
transfer occurs between gold nanoparticles and aromatic molecules due to the small gap between
the Fermi level of gold and the LUMO level of aromatic molecules [14].

3.5 SERS in different thiophenol to 3-mercaptopropionic acid ratios
In order to investigate origin of the strong SERS activity in MBA-modified gold
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Figure 3.3 (a) UV-visible absorption spectra and (b) SERS spectra obtained from the aqueous
solution of surface-modified gold nanoparticles (15 nm) before and after Hg2+ addition. (6 nM
gold nanoparticles, 0.2 mM ligand, 5 mM Hg2+ and pH value=6.3).

nanoparticles, we chose two typical molecules: TP and MPA. TP has a benzene ring with a thiol
group, similar to MBA, and MPA has a linear structure with COOH group. So addition of Hg2+
can result in the aggregation of gold nanoparticles (Figure 3.4). Figure 3.5 shows the Raman
spectra of TP and MPA co-modified gold nanoparticles under different TP/MPA ratios. It can be
seen that in the case of only MPA, the weak deformation mode δ(COO-) and the weak stretching
mode νs(COO-) at 881 cm-1 and 1457 cm-1 are observed. After gold nanoparticles are comodified by TP and MPA, there are characteristic aromatic vibration mode and C-H vibration
modes observed in the SERS spectra. More importantly, it should be noted that Raman peaks
around 881 cm-1 and 1457 cm-1 are significantly enhanced with the increasing TP/MPA ratio. As
shown above, TP has no COOH group, and cannot bind to Hg2+ through the coordination
chemistry. Aggregation of gold nanoparticles is attributed to the coordination bond formation
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between Hg2+ and carboxylic group in MPA. The present results indicate that the increasing
TP/MPA ratio enhances not only the Raman peaks from TP but aslo the SERS of carboxylic
group in MPA in despite of the reduced absolute concentration of MPA. It is suggested that the
charge transfer can occur from the gold nanoparticle to TP, and can delocalize in the outer layer
to form the free carriers. These delocalized electrons can behave like these free electrons in
metals, which contribute to the electromagnetic enhancement of SERS of MPA, The peak
intensity of 1457 cm-1 first increases with the increase of TP/MPA ratio, and then reaches
saturation (Figure 3.5b).

Figure 3.4 Schematic aggregation of the mixed ligand-modified gold nanopartilces in the
presence of Hg2+.

3.6 SERS in various thiophenol amounts
Figure 3.6 shows SERS spectra of the mixture of TP and MPA on 15 nm gold nanoparticles.
The MPA concentration is kept constant while the TP concentration increases. It can be clearly
seen that not only peaks from benzene ring and C-H from TP increase in the intensity but also
the peak intensities from COO- in MPA increase with the increasing TP concentration. This
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demonstrates again that the existence of TP on the gold nanopartice surface benefits to the SERS
enhancement of MPA.

Figure 3.5 (a) SERS spectra of solutions containing different thiophenol/3-mercaptopropionic
acid ratios on 15 nm gold nanoparticles. (b) The intensity of SERS peak (at 1457 cm-1) as a
function of the thiophenol/3-mercaptopropionic acid molar ratio. (6 nM gold nanoparticles, 0.2
mM ligands (TP+ MPA), 5 mM Hg2+ and pH=6.3).

3.7 SERS in gold nanoparticles with various LSPR absorptions
There is no doubt that in the present SERS system, both CE and LSPR-induced EM
mechanisms contribute to the SERS enhancement. As mentioned in Chapter 2, all molecules
should be enhanced in the EM enhancement, and show the different enhancement factors. The
EM enhancement mechanism cannot explain the difference among these molecules used. We
propose that the chemical enhancement is involved and results in the significant difference in the
present work. In order to confirm the proposed mechanism, we investigated the SERS activity of
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MBA adsorbed on different sized gold nanoparticles with negligible or strong LSPR absorption
at different positions. 3, 15 and 80 nm gold nanoparticles were used (Figure 3.7). The 3 nm sized

Figure 3.6 (a) SERS spectra of the mixture of thiophenol and 3-mercaptopropoinic acid
adsorbed on the 15 nm sized gold aggregate. (b) The intensity of SERS peak (at 1457 cm-1) as a
function of the thiophenol molar concentration. The thiophenol molar concentration increased
but the 3-mercaptopropoinic acid molar concentration was kept constant (0.1 mM) (6 nM gold
nanoparticles, 5 mM Hg2+, 50 mW laser power, 100 s acquisition time).

gold nanoparticles exhibit no observable LSPR absorption, which is consistent with the previous
reports [34,35]. The 15 nm and 80 nm gold nanoparticles show strong LSPR absorption around
520 nm and 553 nm, respectively. LSPR bands of both 15 nm and 80 nm gold nanoparticles redshift with the addition of Hg2+ ions, indicating aggregation of gold nanoparticles [36-38].
Figure 3.8a shows the SERS spectra of MPA- or MBA-modified gold nanoparticles with 3
nm in diameter. The intensities of two COO- peaks from MPA have no observable increase upon
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addition of Hg2+. This can be reasonably explained by the EM enhancement mechanism
combined with the charge transfer. 3 nm gold nanoparticles has no observable LSPR absorption
so that EM enhancement has negligible contribution to the SERS. Also, the charge transfer
cannot occur because of the unfavorable electronic structure in MPA [14]. Surprisely, all MBAmodified gold nanoparticles including the 3 nm gold nanoparticles without observable LSPR
absorption show significant SERS enhancement. It is suggested that the charge transfer from
gold to MBA induces the additional generation of SPR, which results in the additional EM
contribution to the SERS. Furthermore, the enhancement in 3 nm gold nanoparticles is much
lower than those in MBA-modified gold nanoparticles with 15 nm 80 nm in diameter, and that of
15 nm gold nanoparticles is the strongest. This is ascribed to the co-existence of EM and CE
enhancements in 15 nm and 80 nm gold nanoparticles, and the LSPR position of 15 nm gold
nanoparticles has a good overlap with the incident 532 nm laser.
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Figure 3.7 (a) UV-visible absorption spectra of p-mercaptobenzoic acid-modified gold
nanoparticles with 3, 15 and 80 nm in diameter in the absence and presence of Hg2+. TEM
images of (b) 3 nm, (c) 15 nm and (d) 80 nm gold nanoparticles.

Similar to that in 15 nm gold nanoparticles, the SERS enhancements of various TP/MPA
ratios and various TP concentrations in fixed MPA concentration on 3 nm gold nanoparticles
without observable LSPR absorption were investigated (Figure 3.8b-e). Firstly, the total
concentration of TP and MPA is kept at 0.2 mM while the TP/MPA ratio is adjusted from 0 to 8.
The peak intensity from benzene ring at 1045 cm-1 increases with the increasing TP/MPA ratio,
and more importantly, the COO- peaks intensity from MPA at 881 cm-1 and 1457 cm-1 increase
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Figure 3.8 (a) SERS spectra of 3-mercaptopropionic acid- or p-mercaptobenzoic acid-modified
gold nanoparticles with different particle sizes (3, 15 and 80 nm) in the absence and presence of
Hg2+. (b) SERS spectra in various thiophenol/3-mercaptopropionic acid ratios adsorbed on 3 nm
gold nanoparticles and (c) their corresponding peak intensity at 1457 cm-1 as a function of the
thiophenol/3-mercaptopropionic acid ratio. (d) SERS spectra in various thiophenol
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concentrations adsorbed on 3 nm gold nanoparticles and (e) their corresponding peak intensity at
1457 cm-1 as a function of thiophenol concentration.

as well. Then, we checked the SERS through changing the TP amount at the fixed MPA
concentration of 0.1 mM. It is found that not only are SERS signals from TP enhanced but also
the SERS signals from MPA increase with the increase of TP concentration despite the MPA
concentration is constant. This supports again that the charge transfer is responsible for the SERS
enhancement in MPA because the LSPR is not the main reason for the SERS enhancement in 3
nm gold nanoparticles.

3.8 Proposed operation mechanism
Figure 3.9 schematically shows the proposed operation mechanism to explain the SERS
enhancement difference in the present work. Both MBA and TP possess benzene ring of planar
structure, and unique electronic level, while MPA has a linear structure. Under the incident laser,
electron is excited and transferred from gold to MBA or TP while in the case of MPA, the
electron transfer cannot occur due to the mismatch between Fermi level of gold and LUMO of
MPA (Figure 3.9a) [39-42]. The transferred electrons can oscillate in resonance with the incident
laser, similar with the generation of LSPR of gold nanoparticles. Furthermore, the transferred
electrons collectively delocalize in the thin ligand layer due to the conjugated structure of MBA
and TP [43,44]. Thus, the delocalized electrons can become the plasmon-like electrons under the
laser, and result in electromagnetic enhancement of SERS. Therefore, electromagnetic
contribution of charge transfer plays a dominant role in the SERS enhancement in systems
containing 3 nm gold nanoparticles and TP or MBA molecules (Figure 3.9c). Nevertheless, there
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is negligible SERS enhancement in MPA-modified 3 nm gold nanoparticles because of the
unable charge transfer (Figure 3.9b). If the gold nanoparticles exhibit strong LSPR absorption,
both the charge transfer-induced EM enhancement and the LSPR-induced EM enhancement will
contribute to the total SERS EM enhancement. This also explains why 15 nm and 80 nm gold
nanoparticles show much stronger SERS enhancement in comparison with 3 nm gold
nanoparticles (Figure 3.8).

Figure 3.9 Schematic illustration of (a) charge transfer between gold nanoparticles and adsorbed
molecules, proposed operation mechanism of charge transfer-induced EM enhancement (b)
between 3 nm gold nanoparticles and 3-mercaptopropionic acid, (c) between 3 nm gold
nanoparticles and the mixed thiophenol/3-mercaptopropionic acid, and (d) between gold
nanoparticles with strong LSPR absorption and the mixed thiophenol/3-mercaptopropionic acid.

3.9 Hg2+ concentration and pH value-dependent SERS
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Based on the above work, we further checked the SERS sensitivity toward the Hg2+
concentration and pH value (Figures 3.10 and 3.11). As mentioned above, the “hot spots” for
SERS is formed by the aggregation of gold nanoparticles due to the coordination chemistry
between Hg2+ and carboxylic group. On the other hand, it also can be formed by the induction of
hydrogen bond between gold nanoparticles due to the terminated carboxylic group. The surface
MBA molecules contain carboxylic group so that the interaction between gold nanoparticles can
be adjusted upon changing the pH value. It can be seen that the absorbance at longer wavelength
increases with the increase of Hg2+ concentration or the decrease of pH value. In particular, a
new peak around 660 nm can be clearly seen in pH values of 1.5 and 4.7. In addition, the optical
response is observed. The solution color becomes blue from red with the increased Hg2+
concentration and decreased pH value, and precipitates are also clearly seen at the high Hg2+
concentration and low pH value. Therefore, the presence of Hg2+ ion and acidic pH value can
produce the gold nanoparticle aggregates, which is in agreement with the previous results [4548].
SERS spectra of MBA-modified gold nanoparticles with 15 nm in diameter were checked
under different Hg2+ concentrations and pH values. The SERS peak intensities increase with the
increase of Hg2+ concentration and the decrease of pH value. This is because addition of more
Hg2+ and much lower pH values can produce more aggregates. It is worth noting that the SERS
enhancement reaches saturation at 5 mM Hg2+ concentration, which may be due to the complete
consumption of gold nanoparticles so that there is no further increase of “hot spots” even more
addition of Hg2+. The present results demonstrate potential possibility of surface-enhanced
Raman spectroscopy in both Hg2+ and pH value monitoring. However, more systematic work is
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needed to investigate and improve the performances (e.g. sensitivity, selectivity and
reproducibility, etc.) of SERS sensors in these applications.

Figure 3.10 (a) UV-visible absorption spectra, (b) optical photos, (c) SERS spectra of pmercaptobenzoic acid-modified gold nanoparticles (15 nm) in the presence of various Hg2+
concentrations, and (d) the 881 cm-1 and 1457 cm-1 peak intensities as a function of Hg2+
concentration.
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Figure 3.11 (a) UV-visible absorption spectra, (b) optical photos, (c) SERS spectra of pmercaptobenzoic acid-modified gold nanoparticles (15 nm) under various pH values, and (d) the
881 cm-1 and 1457 cm-1 peak intensities as a function of pH value.

3.10 Summary
This chapter is devoted to the role of charge transfer in the EM enhancement of SERS. Firstly,
the design principle to create the “hot spots” of SERS is introduced. TP, MBA, MPA and Cys,
which bear different molecular structures, are chosen for the Raman tag molecules, and the
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divalent ions (e.g. Hg2+) are used to induce the aggregation through the coordination chemistry.
Following this, the difference of SERS activity among these molecules was checked on 15 nm
gold nanoparticles. The MBA with benzene ring exhibits the strongest SERS than the linear
MPA and Cys. Then, the SERS was investigated through changing the TP/MPA ratio at a fixed
total concentration, and changing the TP amount at a fixed MPA concentration. It was found that
more addition of TP increases not only the Raman peak intensity of benzene ring around 1045
cm-1 but also the COO- peak intensity from MPA. Based the present experimental results, we
propose transferred electrons from gold to MBA or TP can delocalize in the whole molecule
layer, and thus induce the electromagnetic enhancement of surface Raman scattering.
In order to confirm the proposed mechanism, we carried out the further investigation on
different sized gold nanoparticles. 15 nm and 80 nm gold nanoparticles with strong LSPR
absorption show stronger SERS activity in comparison with 3 nm gold nanoparticles. 3 nm gold
nanoparticles still have SERS activity even it has weak LSPR absorption, which supports the
above claims that the charge transfer is responsible for the difference of SERS activities. In the
following work, systematic investigation was carried out on 3 nm gold nanoparticles, similar
with that in 15 nm gold nanoparticles. The proposed charge transfer-induced EM enhancement
was demonstrated. Finally, Hg2+ concentration and pH value-dependent SERS were investigated,
which shows the promising applications of SERS in Hg2+ and pH value monitoring.
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CHAPTER

4:

SURFACE-ENHANCED

RAMAN

SCATTERING

IN

VARIOUS SHAPED GOLD NANOSTRUCTURES

4.1 Introduction
A surface-enhanced Raman scattering (SERS) device typically consists of an incident laser,
detection set-up, SERS substrate and the Raman signal molecule (also called as Raman tag,
Raman label or Raman reporter). In general, laser and detection set-up are commercially
available so that they will not be inclued in the present work. As discussed in Chapter 3, Raman
tag is an important component for high quality SERS device, and will influence the SERS not
only through the enhancement mechanism but also the other ways, e.g. background [1-3]. In
addition, the SERS substrate is of fundamental importance for the SERS, because the
electromagnetic field for the SERS is produced by the silver or gold substrate according to the
dominant electromagnetic enhancement (EM) [4-6], and the SERS substrate is necessary for the
charge transfer process as well [7].
Recently, we have witnessed an increased interest in the development of SERS for
applications in biochemistry, chemical production and environmental monitoring because of its
molecular fingerprinting information and its potential of multiplexing detection [8-12].
Currently, it is widely accepted that the SERS enhancement was attributed to the strong EM and
the chemical enhancement (CE) with enhancement factors (EFs) of 104-1012 and 10-102,
respectively[4-7,13]. The CE mechanism is mainly due to an electronic resonance charge transfer
process between metal and molecule adsorbed on the metal surface [7,13,14], while the EM
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mechanism originates from collective oscillations of the conduction electrons in the metal, called
the localized surface plasmon excitation (LSPR) [15]. A large number of investigations show
that the EM enhancement is much more efficient than the CE enhancement. The energies
(frequency) of LSPR depend on the particle size, shape, composition, the orientation of the
electric field relative to the particle as well as the dielectric property of the surrounding medium
[16-19]. Correlation between LSPR and SERS has been conducted by the classical Mie theory in
previous work. There is no doubt that a combination of theory with experiments improves our
understanding for EM mechanism in SERS [16,18].
Persistent experimental and theoretical efforts are made to investigate the size-, shape- and
composition-dependent LSPR properties of gold and silver nanoparticles [17,20-22]. The particle
size and substrate composition can affect the LSPR position, and the electromagnetic field
distribution is dependent on the geometric architecture of the materials [23,24]. In addition,
concentration of electromagnetic field was found in the anisotropic nanostructures, espectially
sharp tips in triangles, elongated nanorods, nanowires or nanostars, which is expected to generate
the “hot spots” and amplify SERS signals in an effective manner [25]. Thus, excellent substrates
for SERS applications can be foreseen for nanomaterials that posseses sharp tips with large
density within its structure. However, limited attentions have been paid to the size- and shapedependent SERS studies and their relationship with LSPR even the shape of nanostructure has
been demonstrated to be a key factor for the LSPR distribution [17,26].
As is well-known, chemical sensing and biological imaging are two of important applications
of SERS, which require nanomaterials biocompatible, nontoxic and stable in biological
environments. Most of the currently available synthetic methods provide SERS devices through
direct adsorption of Raman tag onto the nanomaterial surface, and the Raman tag is consequently
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in direct contact with the surrounding environment [27,28]. In these cases, the Raman tag usually
desorbs from the surface, which leads to fluctuation and poor reproducibility of Raman signal.
SERS substrates with high sensitivity and excellent reproducibility are extremely desirable to
realize effective sensing. A feasible strategy to obtain a stable and reproducible Raman-tagged
SERS substrate is to encapsulate the Raman tag in a protective shell such as SiO2 and polymer
[29,30]. In particular, SiO2 is of interest as a protective layer because of its long-term stability
against degradation and easy functionalization with a wide range of functional groups.
In this chapter, we compared the SERS activity of gold nanospheres, nanorods and nanostars
under resonance and nonresonance excitation (532 nm and 785 nm), and the three-dimentional
finite-difference time domain (FDTD) method was used to investigate the physical origin of the
shape-dependent SERS through correlating the SERS enhancement factor with the
electromagnetic field distribution. Furthermore, SiO2 encapsulation of the malachite green
isothiocyanate (MGITC)-tagged gold nanospheres, nanorods and nanostars was carried out, and
the stability of Raman signal and its application in DNA hybridization monitoring were
demonstrated.

4.2 Materials and experimental methods
4.2.1 Materials and instruments
Chloroauric acid trihydrate (HAuCl4·3H2O), trisodium citrate dehydrate (Na3C6H5O7·2H2O,
ACS, 90.0+%), Na2HPO4 (99.0%), NaH2PO4 (99.0%) and sodium hydroxide were purchased
from Alfa Aesar. Malachite green isothiocyanate (MGITC) was purchased from Molecular
Probes. 3-mercaptopropyltrimethoxylsilane (MPTMS) and 3-triethoxylsilylpropyl succinic
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anhydride (TEPSA) and (3-aminopropyl) trimethoxylsilane (APTMS) were purchased from
Gelest Inc. N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC), 5 M NaCl solution (BioUltra) and sodium silicate stock solution (26.5% SiO2 in 10.6%
Na2O) were purchased from Sigma-Aldrich. Oligonucleotides (DNAs) were obtained from
Integrated DNA Technologies (IDT). Deionized (D.I.) water produced by a Milli-Q Millipore
system (18.2 MΩ/cm2, Millipore Corp., USA) was used for the preparation of all the solutions.
All solvents were obtained from the commercial sources and used without further purification.
TEM images were taken on a JEM 2100F transmission electron microscope with an
acceleration voltage of 200 kV. UV-visible absorption spectra were measured in a range of 200900 nm on a Shimadzu UV-2550 spectrometer. Raman spectra were collected on a Renishaw
inVia Raman spectrometer at an excitation laser of 532 nm. A microscope equipped with 20×
objective was used to focus the incident excitation laser. The laser power on the sample was 50
mW. Raman spectra were also obtained in a handheld Raman spectrometer (Inspector Series,
DeltaNu) at an excitation laser of 785 nm. For Raman measurement, a drop of solution was
placed onto the glass slide. Calibration and normalization of the Raman spectra were done with
Si or polystyrene. Three spectra from different sites were collected from each sample, and
averaged to represent the SERS results.
4.2.2 Synthesis of gold nanospheres, nanorods and nanostars
Gold nanospheres that were about 15 nm in diameter was synthesized using a trisodium
citrate reduction method described in the literature [31]. Briefly, trisodium citrate (2 mL, 1wt%)
was added to a boiling aqueous solution of HAuCl4٠3H2O (50 mL, 0.4 mM), and the solution
was kept continually boiling for 30 min to give a wine-red solution. After cooled down to room
temperature, the solution was stored in a 4 oC refrigerator. The concentration of the prepared
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gold nanospheres was calculated to be 12 nM by the UV-vis absorption spectroscopy based on
the Beer-Lambert Law using the molar extinction coefficient of 1×108 M-1٠cm-1[32].
Gold nanorods and nanostars were synthesized according to the well-documented seedmediated growth method [33,34]. Specifically, for the synthesis of seeds for the gold nanorods,
CTAB aqueous solution (5 mL, 0.20 M) was mixed with 5.0 mL of 0.5 mM HAuCl4. Then 0.60
mL of ice-cold 10 mM NaBH4 solution was added. After vigorous stirring, the seed solution was
kept at 25 °C. For the nanorod growth, the growth solution was prepared separately. CTAB (5
mL, 0.20 M) was first added to 0.15 mL of 4 mM AgNO3 solution at 25 °C, followed by 5.0 mL
of 1 mM HAuCl4 and 70 μL of 78.8 mM ascorbic acid. The final step was the addition of 12 μL
of the seed solution to the growth solution at 27-30 °C. The temperature of the growth medium
was kept constant at 27-30 °C in all preparations. The reaction was allowed to last for about 10
h.
To synthesize gold nanostars, HAuCl4·3H2O aqueous solution (1 mL, 1 wt %) was first
diluted by water (90 mL), followed by the injection of sodium citrate (2 mL, 38.8 mM).
Subsequently, freshly prepared NaBH4 solution (1 mL, 0.075 wt % in 38.8 mM sodium citrate
solution) was added and then the reaction mixture was stirred overnight at room temperature to
form the seed solution. Subsequently, 50 mL of gold seed solution was mixed with PVP (10
mM) for 24 h at room temperature. After that, 82 μL of 50 mM HAuCl4 aqueous solution was
mixed with 15 mL of 10 mM PVP in DMF, followed by the rapid addition of 43 μL of the PVPcoated gold seed solution ([Au] ≈ 4 mM) under stirring at room temperature. The reaction was
allowed to last for about 13 h.
The as-prepared gold nanorod and gold nanostar solutions were centrifuged twice and redispersed in D.I. water for further preparations.
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4.2.3 SiO2 encapsulation of MGITC-tagged gold nanoparticles
Gold nanoparticles (nanospheres, nanorods or nanostars) tagged by MGITC and encapsulated
by a thin SiO2 layer, called gold nanosphere, nanorod or nanostar@MGITC@SiO2, were
synthesized according to previously published methods with a slight modification [35-37]. As for
gold nanosphere@MGITC@SiO2, 50 μL MGITC aqueous solution (100 μM) was added to a 20
mL citrate-stabilized gold nanosphere solution, and kept stirring for 30 min. 200 μL fresh
APTMS aqueous solution (2.0 mM) was added, and the solution was stirred for another 30 min.
1 mL fresh sodium silicate solution (0.54 wt%, pH>12) was added, and stirred for 10 min. Then,
20 mL ethanol was added after standing for one day to generate a condensed SiO2 layer, and the
solution stood for one more day. Finally, the resulting solution was centrifuged at a speed of
13,300 rpm to get a red precipitate, and washed at least 5 times using ethanol and D.I. water to
remove impurities, respectively.
We used a similar method to synthesize gold nanorod@MGITC@SiO2 and gold
nanostar@MGITC@SiO2 with a replacement of APTMS by MPTMS because MPTMS has
much stronger affinity toward gold surface than APTMS. The as-prepared gold nanorods and
nanostars were initially coated by a high density layer of surfactants from the synthetic process
so that MPTMS is difficult to be adsorbed onto the gold nanorod and nanostar surface.
Therefore, for SiO2 coating, gold nanorod and nanostar were first purified by centrifugation and
washing with ethanol, and then redispersed into D.I. water. The absorbance of gold nanorod and
nanostar was adjusted to 1.35 and 2.79 at the long wavelenght LSPR peaks. 2.5 μL MGITC
solution was added to 1 mL purified gold nanorod or nanostar solution, and then stirred for 30
min. 50 μL fresh MPTMS solution (50 mM) was added and continue to stir for another 30 min.
Then, 100 μL fresh sodium silicate solution (0.54 wt%, pH>12) was added, and stirred for 10
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min. 1 mL ethanol was added after standing for one day to generate a condensed SiO2 layer, and
the solution stood for one more day. The resulting solution was centrifuged and washed by
ethanol. The precipitates were redispersed into the D.I. water for further use.
4.2.4 DNA functionalization and its hybridization monitoring
SiO2 slides were first successively cleaned by sonication with CH2Cl2, CH3OH and D.I. water
for 10 min, respectively, and then heated at 90 oC in a 20 mL solution containing NH4OH and
peroxide (NH4OH:H2O2:H2O=1:1:5) for 1 h. SiO2 slides were sequentially washed with ethanol
and D.I. water, and dried at 60 oC for 1 h in a vacuum oven. The cleaned SiO2 slides were
incubated overnight in a 20 mL ethanolic solution of 200 mM TEPSA, and then washed using
ethanol and D.I. water. The COOH groups on SiO2 silde were activated by a solution containing
50 mM NHS and 200 mM EDC in the 0.3 PBS solution (10 mM Na2HPO4/NaH2PO4, 0.3 M
NaCl, pH=7.0), and then 50 μL 0.1 mM 5’-amine-modified single-strand DNA (5’-NH2-(CH2)6TCT AGC AGT TAC G-3’) in a PBS solution was added onto activated TEPSA-modified SiO2
slides, and incubated for at least 24 h. After immobilization of single-strand DNA, the SiO2 slide
was rinsed using D.I. water and PBS solution, respestively.
2 mL gold nanostar@MGITC@SiO2 was centrifuged and washed using D.I. water, and
redispersed into 1 mL TEPSA ethanolic solution (200 mM). After standing for 24 h, the solution
was centrifuged and washed using D.I. water and PBS, respectively. The resulting solids were
TEPSA-modified gold nanostar@MGITC@SiO2, and redispersed into 800 μL PBS solution. The
COOH groups of TEPSA-modified gold nanostar@MGITC@SiO2 were activated by adding 100
μL solution containing 50 mM NHS and 200 mM EDC, and then 50 μL of two DNA sequences
(3’-A GAT CGT CAA TGC-(CH2)6-NH2-5’ or 3’-A GCC GGA ATT CAG-(CH2)6-NH2-5’, 0.1
mM) dissolved in PBS solution were added to 500 μL activated TEPSA-modified gold
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nanostar@MGITC@SiO2, respectively. After incubated for 24 h, the solution was centrifuged
and washed using PBS solution and redispersed into 800 μL PBS solution for further use.
As for the DNA hybridization, 50 μL of DNA-functionalized gold nanostar@MGITC@SiO2
PBS solution were added to the DNA-functionalized SiO2 slides. After 30 min incubation, the
SiO2 slides were rinsed using D.I. water, and used for further measurement.
4.2.5 Finite difference time domain simulations
The open source software MEEP was used for the three-dimensional FDTD simulations. An
explanation of the implementation of the FDTD algorithm and PML layers in MEEP can be
found in this reference [38]. The shapes were created inside of a computation cell where the
surrounding dielectric was air. The dielectric function used was a series of four Lorentz sums fit
to the data of Johnson and Christy [39] The fit was optimized at about 520 nm to ensure that the
nanosphere’s peak position agreed with the values predicted by Mie theory. A plane wave,
constant wavelength source (at either 532 or 785 nm) was utilized. The remaining boundary
conditions were perfectly matched layers. The electromagnetic field was output at all points in a
volume containing the shape. The total EM enhancement was performed by dividing the
electromagnetic field on the surface of the shape by the incident electromagnetic field in the
absence of the shape. The experimental and simulated absorption spectra agreed for all of the
shapes.

4.3 Morphorlogy and absorption spectra of gold nanoparticles
The TEM images showed the size and morphology of three types of gold nanoparticles
(Figure 4.1). The nanospheres were 15 nm in a diameter while the nanorods were 30.2 nm long
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and 9.3 nm in a diameter with an aspect ratio of 3.2. The nanostars showed a core of 34.5 nm in
diameter. Figure 4.2 shows the UV-Visible absorption spectra of the nanospheres, nanorods and
nanostars. The nanospheres showed a characteristic LSPR absorption at 520 nm. The nanorods
exhibited the transverse and longitudinal plasmon bands at 515 nm and 735 nm, respectively.
The nanostars displayed two LSPR bands at 532 nm and 675 nm.

Figure 4.1 TEM images of as-made gold nanospheres, gold nanorods and gold nanostars.
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Figure 4.2 UV-visible absorption spectra of gold nanospheres, gold nanorods and gold
nanostars.

4.4 Shape-dependent SERS in gold nanoparticles
We first established which among the nanosphere, nanorod and nanostar produced the
strongest SERS enhancement when MGITC was attached to the gold nanoparticles. Figure 4.3
shows the SERS spectra of MGITC in the aqueous solutions containing nanospheres, nanorods
and nanostars at a concentration of 6 nM under exciation of the 532 nm and 785 nm lasers,
respectively. Such a low nanoparticle concentration was chosen in order to avoid the aggregation
of nanomaterials so that the contribution of aggregation to the SERS can be minimized to an
insignificant level. In addition, the resonance Raman enhancement was excluded in the present
system because both 532 nm and 785 nm lasers did not match with the optical absorption of
MGITC [40]. Another rationale is that isothiocyanate (-N=C=S) group in MGITC can be bound
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to the gold surface and compatible with the SiO2 encapsulation process [9,41]. Table 4.1 lists the
assignments of selected Raman peaks of MGITC in SERS spectra [42,43].

Figure 4.3 SERS spectra of MGITC (2.5×10-7 M) in 6 nM gold nanospheres, nanorods and
nanostars at (a) 532 nm laser (laser power: 50 mW, integration time: 10 s) and (b) 785 nm laser
(laser power: 120 mW, integration time: 10 s).

The SERS spectra are similar to those reported in previous work (Figure 4.3) [41,44]. It is
obviously seen that gold nanostar has the highest SERS activity under both 532 nm and 785 nm
lasers, and gold nanorod has much higher SERS activity than that in the nanosphere under both
532 nm and 785 nm. Based on the 1366 cm-1 peak, the experimental SERS enhancement factor
(EF) is calculated as [3,45]
EF =

I SERS Cb
•
Ib
CSERS
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(4.1)

Table 4.1 Assignments of selected Raman bands of MGITC in SERS spectra [42,43]
Peak position (cm-1)

Assignment

1618

Phenyl-N and C-C stretching

1590

In-plane ring stretching and bending

1456

N(CH3)2 bending and rocking

1366

Aromatic ring stretching

1298

In-plane C-H and C-C-H bending

1219

N-C stretching mode

1174

In-plane C-H bending

1007

In-plane benzene E1v

912

B1u in plane benzene ring

800

Out-of-plane C-H bending

526

In-plane benzene ring

420

Out-of-plane benzene ring

where ISERS and Ib are the respective Raman intensities at 1366 cm-1 in the presence and absence
of gold nanoparticles, and CSERS and Cb are the molar concentrations of Raman tag in the
presence and absence of gold nanoparticles. Table 4.2 lists the experimental EFs of three types of
gold nanoparticles under excitation of the 532 nm and 785 nm lasers. The incident 532 nm laser
was in resonance with the LSPR band (520 nm) of the nanospheres. The 532 nm laser was also
resonant with the transverse LSPR band of the nanorods and one of the two LSPR bands (532
nm) of the nanostars. The 785 nm laser was in resonance with the primary LSPR bands of both
the nanostars and nanorods but not with the nanospheres. However, gold nanospheres showed
the lowest EFs while gold nanostars showed the highest EFs under both lasers of 532 nm and
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785 nm. It can be seen from Table 4.2 that the EFs of the nanostars were 1-3 orders of magnitude
higher than those of the nanospheres and the nanorods under excitation of the laser of the same
wavelength (either 532 nm or 785 nm laser). Therefore, it can be inferred from the above results
that the SERS enhancement is strongly dependent on the geometric shape of nanoparticles.
Table 4.2 Experimental and calculated average SERS enhancement factors.
Sample

Experimental EF

Calculated EF

532 nm laser

785 nm laser

532 nm laser

785 nm laser

Gold nanosphere

5.1×102

3.8×102

8.7×102

8.3×102

Gold nanorod

1.6×103

5.1×104

1.5×103

1.6×104

Gold nanostar

3.9×103

1.0×105

3.0×103

8.9×104

4.5 Electric field distribution and theoretical SERS enhancement factor
The LSPR peaks depend on the nanoparticle size, shape, and composition as well as on the
orientation of the electromagnetic field relative to the particle and the dielectric property of the
surrounding medium [16-19]. The LSPR induces a strong local electromagnetic field
surrounding the surface of the nanoparticles [15], which results in the electromagnetic
enhancement of Raman signals. In the present work, the three-dimensional FDTD method was
employed to simulate the LSPR-induced electromagnetic field of the three types of gold
nanoparticles under both 532 nm and 785 nm incident lasers (Figure 4.4).The results showed that
the electromagnetic fields around the nanoparticles were more intense and dropped down fast
with distance away from the particle. The nanostars showed the highest calculated value of the
maximum electric field intensity under both the excitations. The nanorods exhibited lower
maximum electric field intensity under the 532 nm laser, and much higher maximum electric
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field intensity under the 785 nm laser when the field was aligned with longitudinal mode of the
nanorod, which may be due to favorable orientation of incident laser for the longitudinal LSPR
mode and the strong longitudinal LSPR absorption. Furthermore, it should be noted that the
maximum electric field intensity appeared around the sharp tip in the anisotropic structure, in
agreement with the previous reports showing that the electromagnetic field can be concentrated
at the sharp tip of nanostructures [24,25,46]. The confined LSPR at these sharp tips generated
“hot spots” and resulted in the dominant contribution to the SERS intensity. As the SERS signal
obtained from experiment is an averaged signal over the entire three-dimensional space, we
calculated the average EF by integrating the total electromagnetic field over the surface of each
shape and normalizing it by the incident electromagnetic field over the same area in the absence
of the shape according to the following equation:[3,47]
4

EFcal = ∫

A

E loc (ω 0 )
dA
E 0 (ω 0 )

(4.2)

where E0 is the incident electromagnetic field, Eloc is the local electromagnetic field at the
surface, ω0 is the incident frequency and A is the surface area of nanoparticles. Although the
absolute values differ, the simulated SERS EFs followed a similar order as the experimental
results (Table 4.2) in both 532 nm and 785 nm lasers. Since the simulated results are normalized
by the surface area, they reflect the EF of all adsorbed SERS active molecules and the combined
measurement signal. In order to maximize the EF, the LSPR field must have high peak values
and be distributed across the surface. The nanospheres have a dipole mode which is relatively
weak and diffusely spread across the surface as seen in Figure 4.4. This leads to a lower
enhancement in both the experimental and theoretical values as seen in Table 4.2 Both nanostars
and nanorods show the highest EF at 785 nm where the stronger LSPR mode exists, which create
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a higher localized electromagnetic field leading to one order of magnitude enhancement in
comparison with the nanosphere. The nanostar has the highest EF because the LSPR is
concentrated into every projection on its surface. The nanostar shows the highest localized
electromagnetic field and does this over the largest surface area making it the most effective at
enhancing SERS as seen in the experimental values.
The difference between experimental EFs and simulated EFs mainly evolves from the
imperfections of the simulated shapes in reproducing the actual experiment. Several
experimental factors affect the measured SERS enhancement. The synthesized samples do not
have a perfect size distribution. The difference in sizes will contribute to experimental error
within each sample. However, the simulations support that the geometric features of a shape but
not its size has a more important effect on the EF enhancement. Since the SERS active molecules
are adsorbed on the surface of the particle, it is important to maximize the localized
electromagnetic field enhancement that exists outside of the volume of the nanoparticle. The
simulations showed that this was achieved with sharp geometric features which concentrate the
LSPR in a lightning rod effect. These sharp features can account for order of magnitude
differences in the totalized electromagnetic field enhancement. The simulated electromagnetic
field enhancements were normalized by the surface area in the calculation, eliminating
differences in the total electromagnetic enhancement that could arise purely from size
differences. The agreement between the calculated and experimental values showed that the
geometric features are the most important variables in determining the SERS enhancement.
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Figure 4.4 3D-FDTD simulated electromagnetic field distributions of a gold i) nanosphere, ii)
nanorod and iii) nanostar under excitations of (a,c,e) 532 nm and (b,d,f) 785 nm lasers. The
intensity scale is normalized as E/E0.

4.6 SiO2 encapsulation of MGITC-tagged gold nanoparticles
Most of present studies in SERS directly attached the Raman tag onto the nanomaterial
surface [48-54]. One of disadvatages is that the Raman tag in these systems suffers desorption
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from the nanomaterial surface due to the exposure to the robust environment, which leads to poor
reproducibility and stability of SERS signal in practical applications [29]. Herein, we
encapsulated MGTIC-tagged gold nanoparticles by SiO2 to avoid the fluctuation of Raman signal
over time and environment. Figure 4.5 schematically describes synthesis of the
gold@MGITC@SiO2. We first attached the non-fluorescent organic molecule, MGITC, onto
gold nanospheres, nanorods or nanostars, and then coated a very thin SiO2 pretective layer.
APTMS or MPTMS was used to modify the gold surface because the terminal amine/thiol has a
strong affinity for gold and the active functional ethoxyl group was exposed to facillitate the
adsorption of sodium silicate. Unlike tetraethylorthosilicate (TEOS) commonly used in the
conventional silica coating method, the addition of sodium silicate can result in a very thin SiO2
layer. It must be pointed out that gold nanorods and nanostars need to be purified by
centrifugation before SiO2 coating to remove the high density surfactants, because the strong
binding and high density of surfactants from the synthetic procedure could block the access of
ATPMS or MPTMS to the gold surface [35-37].
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Figure 4.5 Schematical illustration of preparation of gold@MGITC@SiO2 and its DNA
functionalization.

Figure 4.6 and Figure 4.7 show the UV-visible absorption spectra and TEM images of gold
nanosphere, nanorod and nanostar@MGITC@SiO2. TEM images demonstrate the successful
SiO2 coating of gold nanospheres, nanorods and nanostars with a 3-5 nm SiO2 layer in which no
significant change of LSPR is observed.
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4.7 SERS of gold@MGITC@SiO2 composite particles
The SERS activities of all materials were examined under two incident lasers of 532 nm and
785 nm, respectively. All samples show very strong SERS signal as shown in Figure 4.8. The
intensity difference may be due to the different MGITC amounts on the surface of gold
nanospheres, nanorods and nanostars. The SiO2 encapsulation prevents the Raman tag from
leaking to the outside and is expected to render excellent long-term stability and signal
reproducibility in practical applications. We also checked the SERS of the solid
gold@MGITC@SiO2, and they exhibit a similar SERS spectra except the different intensities.
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gold

nanosphere@MGITC@SiO2,

nanorod@MGITC@SiO2 and (c) gold nanostar@MGITC@SiO2.
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(b)

gold

Figure 4.8 Raman spectra of gold nanosphere@MGITC@SiO2 under (a) 532 nm and (b) 785
nm, gold nanorod@MGITC@SiO2 under (c) 532 nm and (d) 785 nm lasers, and gold
nanostar@MGITC@SiO2 under (e) 532 nm and (f) 785 nm lasers.
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4.8 Effects of solvents and salt concentrations on stability
As mentioned above, the uncoated gold nanoparticlces including nanospheres, nanorods and
nanostares investigated here will aggregate and then the LSPR band disappears or red-shifts. For
the visual color response of gold nanospheres, we investigated effects of representive solvents
and salt concentrations on the stability of gold nanosphere without and with SiO2 coating (Figure
4.9). The result indicates that uncoated gold nanosphere is stable in D.I. water or PBS solution
but quickly aggregate in ethanol, 2-propanol or in PBS with 0.3 M NaCl (0.3 M PBS), which is
agreement with the previous reports [40]. UV-visible absorption spectra show the LSPR band at
520 nm is retained in D.I. water or PBS while a new band around 672 nm can be clearly seen in
ethanol, 2-propanol or 0.3 M PBS. Furthermore, it can be seen that the gold
nanosphere@MGITC@SiO2 exhibits excellent color response stability in solvents and NaCl
concentrations investigated, and the LSPR band position keeps constant under these
environments. It should be noted that gold nanosphere@MGITC@SiO2 has a poor dissolvability
in 2-propanol but the LSPR band still is kept at 520 nm. Therefore, the present result
demonstrates that SiO2 encapsulation of gold nanoparticles improves the LSPR stability in robust
environments and should have promising applications in biology, chemistry and environmental
monitoring.
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Figure 4.9 (a) Color response and UV-visible aborption spectra of (b) gold nanospheres, and (c)
gold nanosphere@MGITC@SiO2 in representive solvents and salt concentrations.

4.9 SERS detection of DNA hybridization
The above results show that gold nanostars are a kind of excellent SERS substrate, and gold
nanostar@MGITC@SiO2

exhibits

excellent

stability

in

robust

environments.

gold

nanostar@MGITC@SiO2 should be attractive in a wide range of applications. Herein, we
demonstrated that the DNA hybridization can be monitored using SERS based on the present
functional particles (Figure 4.10). Firstly, the SiO2 slides were cleaned by successive sonication
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in CH2Cl2, methanol and D.I. water, followed by heating at 90 oC in a solution containing
NH4OH and H2O2. The cleaned SiO2 slides were immersed into a 200 mM TEPSA ethanolic
solution so that the carboxylic group-terminated SiO2 slides were obtained. The carboxylic group
terminated SiO2 slides were immersed into a solution with NHS and EDC to activate the
carboxylic group, and then amine-modified single stranded DNA was added. As a result, the
single stranded DNA is functionalized onto SiO2 slides. Similarly, the single stranded DNA is
linked onto gold nanostar@MGITC@SiO2. The complementary gold nanostar@MGITC@SiO2
was added onto DNA-SiO2 slides, and incubated for 30 min. After this, the SiO2 slides were
rinsed using PBS solution and D.I. water, and used for SERS measurement. For control
experiment, the uncomplementary DNA-gold nanostar@MGITC@SiO2 was used.

Figure 4.10 Schematical assembly of a SERS device for monitoring of DNA hybridization based
on gold nanostar@MGITC@SiO2.
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Figure 4.11 shows SERS spectra before and after hybridization of DNA on SiO2 slides with
complementary and uncomplementary DNA attached on gold nanostar@MGITC@SiO2. The
DNA-modified SiO2 slides do not show any peak except that the peak around 950 cm-1 is from
the SiO2 slide. After hybridization with the complementary DNA attached onto gold
nanostar@MGITC@SiO2, the strong SERS signal can be seen, which is in agreement with the
previous SERS spectra. The control experiment in which the uncomplementary DNA was
attached gold nanostar@MGITC@SiO2 shows no observable SERS peak. Therefore, the present
results demonstrate that gold nanostar@MGITC@SiO2 can be used for monitoring of DNA
hybridization. In addition, it is believed that the present detection method can be extended to
sensing of other biospecies, such as proteins and viruses.

4.10 Summary
In this chapter, we firstly synthesized varous shaped-gold nanoparticles including
nanospheres, nanorods and nanostars. Then, we investigated SERS activity of gold nanospheres,
nanorods and nanostars under two representative incident lasers of 532 nm and 785 nm. It was
found that the gold nanostars possess the highest SERS activity, and that of the gold nanosphere
is the lowest under both 532 nm and 785 nm lasers. The three-dimension FDTD simulation
shows the significant different electric field distributions among nanospheres, nanorods and
nanostars. Under 532 nm incident laser, the maximum electric field intensity in the gold
nanostars is the highest, while under 785 nm incident laser, the maximum electric field intensity
in the gold nanostar still is the highest and that of the gold nanospere is the lowest. The electric
field is mainly confined around two ends of nanorods and around these tips of nanostars. Present
results indicate that the shape, especially these sharp component in these nanostructures, confines
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and concentrates the LSPR, and consequently generates the SERS activity difference. Gold
nanosphere, nanorod and nanostar@MGITC@SiO2 were prepared, and their SERS activity and
stability were investigated. SiO2 encapsulation of MGITC-tagged gold nanostructures not only
prevents MGITC molecules from leaking out to the surrounding environments but also improves
the colloidal stability and LSPR stability in the real environment, for example some organic
solvents and high salt concentration. Finally, hybridization monitoring of DNA based on gold
nanostar@MGITC@SiO2 was demonstrated. Therefore, the present result suggests promising
applications of gold@MGITC@SiO2 composite materials in biosensing and environmental
monitoring.
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ON

GOLD

SANDWICHED

NANOPARTICLES

5.1 Introduction
The development of rapid, facile and sensitive methods for detection of small organic
molecules such as cocaine, 2,4,6-trinitrotoluene (TNT), dopamine and adenosine, is extremely
desirable in environmental, analytical, and forensic sciences as well as therapeutics and
diagnostics. Currently, a wide range of strategies such as Förster resonance energy transfer
(FRET) [1,2], colorimetric response [3-6], electrochemical methods [7-10] and optical surface
plasmon resonance[11] have been demonstrated feasible for quantitative detection of small
molecules. However, most of these techniques suffer drawbacks of low sensitivity, timeconsuming, poor reproducibility or laboratory-based operation, etc. although great achievements
have been obtained. In recent decades, surface-enhanced Raman spectroscopy is emerging as a
powerful detection tool for unique advantages [12-18], including (i) providing spectral
fingerprinting information of molecules, (ii) potential multiplexing detection capability under a
single laser excitation due to the result of the narrow linewidth of vibrational Raman bands, (iii)
ultrahigh sensitivity, allowing single-molecule detection, (iv) easy measurement operation
without complicated sample preparation, rendering the possibility of on-site detection, and (v)
nondestructive detection that allows for identification of analytes in a wide variety of matrices.
Therefore, very high selectivity and sensitivity endowed by surface-enhanced Raman scattering
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(SERS), along with the highly informative spectrum characteristics of Raman spectroscopy,
allows SERS-based method a feasible alternative to conventional methods mentioned above for
detection of small molecules.
SERS has been extensively investigated as an efficient sensing strategy for diagnosis,
bioimaging, chemical detection and environmental monitoring. High sensitive detection of virus,
DNA, TNT, adenosine and heavy metallic ions (e.g. mercuric (II)) has been realized based on
SERS methods [19-23]. In typical SERS assays, Raman reporters attached to metallic substrates
are used to provide the Raman signal, which indirectly responds to the analytes. Most of the
previous work directly adsorbed Raman reporters onto the surface of plasmonic SERS substrates
[20]. This kind of SERS assay suffers poor reproducibility of Raman signals due to desorption of
Raman reporters from the surface of substrates, upon direct exposure to the robust surrounding
environments. In addition, the commonly used SERS substrates, typically gold or silver, are
covered by the surface ligands, and thus are unfavorable for the desired surface functionalization,
which is not suitable for biological applications. In this context, the search for more effective and
flexible strategies for detection of various analytes is of great practical significance and in high
demand. In Chapter 4, we have shown that gold nanostars exhibited extremely high
electromagnetic enhancement for SERS of attached molecules and are excellent SERS substrates
for

chemical

detection.

nanostar@malachite

green

Also,

it

was

isothiocyanate

demonstrated

that

(MGITC)

(gold

SiO2

encapsulated

gold

nanostar@MGITC@SiO2)

sandwiched structure renders superior stability and reproducibility of Raman signals because the
protective SiO2 layer prevents Raman reporter, MGITC, from leaking out. More importantly,
encapsulation of a large number of MGITC moclues inside SiO2 layer renders huge signaling
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amplification ability. Therefore, use of gold nanostar@MGITC@SiO2 is expected to benefit to
improvement of the performance of SERS sensors for detection of small molecules.
Adenosine triphosphate (ATP), a universal energy carrier in biological systems, plays a
crucial role in the regulation of cellular metabolism and biochemical pathways in cell physiology
[24]. Therefore, the quantitative detection of ATP is essential in biochemistry and clinic
diagnosis. As an assay paradigm using gold nanostar@MGITC@SiO2 as signaling probes,
quantitative detection of ATP was investigated by a SERS approach. In this assay, the ATPbinding aptamer, which possesses high affinity and selectivity for ATP, was used as the capture
probe [25]. After hybridization of complementary DNA immobilized onto a gold film with the
aptamer capture probe labeled on gold nanostar@MGITC@SiO2, SERS sensor exhibits strong
Raman signal of MGITC. The gold nanostar@MGITC@SiO2-labeled capture DNA was
dissociated upon addition of ATP analytes, and consequently the SERS sensor shows an
ultrasensitive response to the ATP concentration with a 12.4 pM detection limit.

5.2 Materials and experimental methods
5.2.1 Chemicals and Reagents
MGITC was purchased from Molecular Probes. 3-triethoxylsilylpropyl succinic anhydride
(TEPSA) was purchased from Gelest Inc. DNA sequences of 3’-NH2-(CH2)3-TGG AAG GAG
GCG TTA TGA GGG GGT CCA CG-5’ and 5’-NH2-(CH2)6-GCA CCT TCC TCC GCA ATA
CTC CCC CAG GTG C-3’ were obtained from Eurofins MWG Operon (Huntsville, AL).
Na2HPO4 (99.0%) and NaH2PO4 (99.0%) came from Alfa Aesar. N-hydroxysuccinimide (NHS),
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), 11-mercaptoundecanoic acid (MUA),
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11-mercapto-1-undecanol ethanolic (MU), adenosine triphosphate (ATP), cytidine triphosphate
(CTP), and guanosine triphosphate (GTP) were purchased from Sigma-Aldrich. All solvents
were of analytical grade and used without further purification. Deionized (D.I.) water was
purified using a Milli-Q Millipore system (18.2 MΩ/cm2, Millipore Corp., USA).
5.2.2 Apparatus
Scanning electron microscope (SEM) measurements were performed using a field emission
JSM-7600F microscope, respectively. Raman measurements were conducted in a Renishaw
InVia Raman spectrometer at an excitation laser of 532 nm. A microscope equipped with 20x
objective was used to focus the incident excitation laser. The laser power on the sample was 50
mW, and the accumulation time is 10 s.
5.2.3 DNA functionalization of gold nanostar@MGITC@SiO2
Gold nanostar@MGITC@SiO2 was synthesized following the previous described method in
Chapter 4.2, except the increasing addition of MGITC (2.5×10-7 M) in order to enhance the
Raman signal. 200 μL TEPSA (200 mM) was added to 400 μL gold nanostar@MGITC@SiO2,
and incubated overnight. COOH-terminated gold nanostar@MGITC@SiO2 was achieved after
centrifugation and re-dispersed in 200 μL PBS solution for further use. The functionalization of
DNA was carried out by the carbodiimide chemistry [26]. First, 100 μL solution containing 50
mM NHS and 200 mM EDC was added to 200 μL gold nanostar@MGITC@SiO2 PBS solution
in order to activate the COOH group, and then 50 μL 0.1 mM DNA sequence of 3’-NH2-(CH2)3TGG AAG GAG GCG TTA TGA GGG GGT CCA CG-5’ (capture DNA) was added after
incubation for 2 h. After incubated overnight, the solution was centrifuged and washed using a
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PBS solution to obtain the DNA-functionalized particles, which was dispersed in 800 μL PBS
solution for further use.
5.2.4 Preparation of capture DNA-modified substrates
Striped-gold films were prepared by metal vapor deposition on Si substrates with a thin Cr
layer as the adhesion layer. The resulting gold film was cleaned with successive immersion in
CH2Cl2, ethanol and D.I. water for 10 min, respectively, and heated at 90 oC in a 20 mL peroxide
solution for 1 h. Following this, gold films were successively washed with ethanol and D.I.
water, respectively, and dried at 60 oC in a vacuum oven. The cleaned gold films were incubated
overnight in a solution containing 100 mM MUA and 100 mM MU, and then washed using
ethanol and D.I. water, respectively. The resulting MUA/MU-modified gold film was activated
by immersion in a solution containing 50 mM NHS and 200 mM EDC in a PBS solution (10
mM, pH 7.0). The activated MUA/MU-modified gold film was incubated overnight in a PBS
solution containing 0.1 mM DNA with sequence of 5’-NH2-(CH2)6-GCA CCT TCC TCC GCA
ATA CTC CCC CAG GTG C-3’ (complementary DNA). After immobilization of the
complementary DNA, the gold film was successively rinsed with D.I. water and PBS solution to
remove excess DNA.
5.2.5 Assembly of the SERS Sensor and its application for ATP Detection
The complementary DNA-modified gold substrates were immersed in the DNAfunctionalized gold nanostar@MGITC@SiO2 solution obtained above. After incubated at about
40 oC in a water bath for 1 h, the gold films were washed with 10 mM PBS. The resulting
substrates

were

modified

by

double-stranded

nanostar@MGITC@SiO2 as the signaling probe.
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In a typical assay, the SERS sensors were immersed in a solution of various ATP (CTP or
GTP) concentrations, and incubated for 30 min. The substrates were rinsed by 10 mM PBS, and
subjected to the measurement by the SERS spectroscopy using an accumulation time of 10 s.

5.3 Design principle of SERS sensors
DNA and RNA aptamers have been well-developed as recognition elements for small
molecule detection, which renders excellent selectivity for the specific binding to the analytes
[8,25,27]. Here, we used the well-known ATP-binding DNA aptamer as the recognition probe
into which two ATP molecules can intercalate by forming noncanonical G:A base pairs [25]. The
preparation of the SERS sensor is schematically shown in Figure 5.1a. The gold film is firstly
modified with the carboxylic group via a thiolate group, and then a hybridized dsDNA aptamer is
anchored to the gold film. The gold film surface is passivated with MU to prevent functional
particles from binding to the free gold surface sites. The capture DNA for ATP recognition is
labeled by the COOH-terminated gold nanostar@MGITC@SiO2, and hybridization of the
complementary DNA on the gold film with the capture DNA results in immobilization of the
gold nanostar@MGITC@SiO2. Finally, this preparation process results in the gold film with a
homogeneous coating of gold nanostar@MGITC@SiO2. The “hot spot” formed between the
gold nanoparticle and the gold film enhances the Raman signal of MGITC. Strong Raman
spectra from MGITC can be observed due to incorporation of a large number of MGITC
molecules and its large Raman cross-section. As addition of the target ATP, ATP will interact
with the capture DNA labeled by the nanoparticles, which results in dehybridization of dsDNA
and dissociation of capture DNA with the nanoparticle signaling probe (Figure 5.1b). Thus, the
dissociation of capture DNA greatly results in the reduced Raman signal.
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Figure 5.1 Schematic illustrations of (a) preparation procedure of the SERS sensor based on
gold nanostar@MGITC@SiO2 as signaling probe and (b) operation principle of the SERS sensor
for ATP detection. Inset in (b) shows the molecular structure of ATP.

5.4 SERS measurement
Following this, we checked the Raman spectra on the gold substrates before and after gold
nanostar@MGITC@SiO2 deposition (Figure 5.2). No Raman band associated with MGITC
molecules was observed on the only complementary DNA-modified gold substrate while after
hybridization with capture DNA-gold nanostar@MGITC@SiO2, strong Raman bands were
observed

from

MGITC,

in

agreement

with
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that

in

the

free

standing

gold

nanostar@MGITC@SiO2. The assignments of Raman bands are listed in Table 5.1. Peaks at
1618, 1589 and 1366 cm-1 are attributed to the phenyl-N stretching mode, in-plane ring
stretching and bending modes, and aromatic ring stretching mode, respectively [28,29]. The
1296, 1174 and 912 cm-1 peaks are assigned to in-plane C-H and C-C-H bending mode, N-C
stretching mode and B1u in-plane benzene ring modes, respectively [28,29]. Furthermore, the
SERS spectra were investigated upon exposure of the assembled sensor to a ATP solution with a
concentration of 100 nM. There is no observable SERS bands associated with the MGITC
molecule, which is attributed to dehybridizaion of dsDNA by ATP and consequently disappears
of SERS signals.

Figure 5.2 Raman spectra of (a) gold nanostar@MGITC@SiO2 in solution, (b) the SERS sensor
with gold nanostar@MGITC@SiO2 as signaling probe and (c) the SERS sensor after exposure to
100 nM ATP.
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Table 5.1 Assignments of selected Raman bands of MGITC in SERS spectra
Peak position (cm-1)

Assignment

1618

Phenyl-N and C-C stretching

1589

In-plane ring stretching and bending

1366

Aromatic ring stretching

1296

In-plane C-H and C-C-H bending

1219

N-C stretching mode

1174

In-plane C-H bending

912

B1u in plane benzene ring

5.5 Sensitivity of SERS sensor toward ATP
On the above analysis and the fact that each ATP aptamer molecule can specifically bind to
two ATP molecules [25,30], we conclude that the present system should have a concentrationdependent response of SERS and can be used for ATP detection. The sensitivity of the present
SERS sensor was examined in a series of solutions with various ATP concentrations (0-1 μM).
Figure 5.3a shows SERS spectra in the presence of various ATP concentrations. At low
concentrations, the SERS spectra are characteristic of the Raman spectrum of MGITC, similar to
that in Figure 5.2. All peaks decrease in intensity with the increasing ATP concentration, and
there is almost no observable Raman signals associated with MGITC when the ATP
concentration is 10 nM, which suggests that most of particles are removed. The ratio of Raman
peak intensities at 1618 cm-1 in the presence and absence of ATP (I/I0) was used for the
quantitative evaluation of ATP concentration (Figure 5.3b-c). In the absence of ATP, the peak
intensity ratio is the highest, decreases with the increase in the ATP concentration, and finally
reaches to the saturation value at the concentration higher than 1 nM. The detection limit, which
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is defined as the analyte concentration that produces a signal three times larger than the standard
deviation of blank measurements, is determined to be 12.4 pM. This sensitivity is significantly
higher than previous electrochemical [8,10], fluorescent and colorimetric sensors [31-33] based
on DNA aptamers as the recognition element. Furthermore, a linear range of 1618 cm-1 peak
intensity ratio vs log[ATP] is shown at the low concentration region (Figure 5.3c). The high
sensitivity in the SERS sensor is ascribed to several advantages including (i) the strong
electromagnetic enhancement of Raman signals by gold nanostars and (ii) signal amplification of
a large number of MGITC molecules in the sandwiched structure.

5.6 Selectivity of SERS sensor toward ATP
In order to evaluate the selectivity of the present SERS sensor toward ATP, control
experiments were conducted by incubating the SERS sensor in GTP or CTP solutions with
various concentrations, respectively (Figures 5.3c and 5.4). It can be also seen that exposure to
different concentrations of GTP and CTP does not decrease the Raman signal significantly,
which is mainly due to the fact that both GTP and CTP cannot interact with DNA aptamer
through the G:A base pairs occurring between DNA aptamer and ATP, and thus fail to separate
the duplex DNA. Therefore, the present SERS sensor is very specific to ATP because of the high
selectivity of DNA aptamer toward ATP.
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Figure 5.3 (a) SERS spectra of MGITC as a function of ATP concentration in the SERS sensor
based on gold nanostar@MGITC@SiO2 as signaling probe, (b) concentration-dependent
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response of the Raman intensity to the initial Raman intensity ratio at 1618 cm-1, and (c) the
linear range in the low concentration region of (b).

In addition, the present system could be regenerated due to its unique design of the
complementary DNA sequence, the first six bases of whose 5’- and 3’-teminus are
complementary. The signal amplification can be enhanced through increasing amount of Raman
signaling molecules, MGITC. More importantly, SiO2 encapsulation of MGITC endows the
present assay system excellent stability and reproducibility.

Figure 5.4 SERS spectra of the SERS sensor based on the gold nanostar@MGITC@SiO2 as
signaling probe after exposure to solutions with various concentrations of (a) GTP and (b) CTP.
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5.7 Summary
This chapter is dedicated to developing a SERS sensor for ATP detection using gold
nanostar@MGITC@SiO2 as the signaling probe. First, the operation principle of the SERS
sensor was introduced. ATP-binding DNA aptamer was used as the recognition element. Second,
the sensitivity toward ATP was investigated. The huge signaling amplification ability of gold
nanostar@MGITC@SiO2 sandwiched composite materials allows the high sensitivity detection.
It has been demonstrated that this assay approach provides a facile detection of ATP at a 12.4
pM detection limit. Then, the selectivity was investigated. The specific binding of aptamer
toward ATP renders high selectivity over its analogues such as GTP and CTP. In addition,
encapsulation of a large number of MGITC molecules inside SiO2 shell produces strong Raman
signaling amplification ability, contributing to the high sensitivity as well. Furthermore, the gold
nanostar@MGITC@SiO2 sandwiched structure improves assay stability and reproducibility.
With selection of specific aptamer or other recognition elements, this assay approach can be
expectedly extended to detection of a wide range of analytes.
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CHAPTER 6: LOCALIZED SURFACE PLASMON-MEDIATED ENERGY
TRANSFER

BETWEEN

QUANTUM

DOTS

AND

GOLD

NANOPARTICLES

6.1Introduction
Energy transfer in nanoscale donor-acceptor systems has extensive applications in sensors,
bio-imaging, photovoltaic devices, light emitters and other optoelectronics [1-5]. As mentioned
in Chapter 2, resonance energy transfer (RET) is one of commonly used and effective strategies
in current engineering fields. Förster resonance energy transfer (also called as fluorescence
resonance energy transfer, FRET) is a typical nonradiative energy transfer process from an
electronic excited molecular donor to a molecular acceptor [6-10]. FRET occurs without the
appearance of a photon, and is not the result of emission from the donor being absorbed by the
acceptor. Therefore, FRET does not involve emission of light by the donor, and the acceptor
does not need to be fluorescent as well. In principle, the FRET efficiency strongly depends on
the spectral overlap and the separation distance between donors and acceptors. In conventional
FRET systems, both the energy donor and the acceptor are made of organic molecules. The
energy is transferred from a fluorescent donor to a fluorescent or non-fluorescent acceptor so that
the fluorescence intensity of the donor decreases, and the fluorescence intensity of acceptors
increases in the case of fluorescent acceptors.
Inorganic quantum dots (QDs) are substituting for organic dyes as the alternative energy
donors because of their size-tunable optical properties and potential multiplexing detection
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capability at a low-cost and simple manner [11]. This has resulted in the development of a
variety of QD-based FRET sensors with high sensitivity and reliability [6,7,12]. However,
FRET-based sensors have limited detectable distance of about 60 Å [13]. In Chapters 3 and 4, we
described the effect of localized surface plasmon resonance (LSPR) on the Raman scattering,
leading to the SERS process through the interaction between electromagnetic field from LSPR
and Raman scattering. Recently, several studies have been focused on the LSPR in the FRET
process [14-18]. Reil et al. found that the FRET process strongly depends on the interaction with
plasmonic resonances when a metallic nanoparticle is positioned near to the donor-acceptor pair.
Acceptor fluorescence increases at the expense of donor fluorescence because the acceptor
molecule harvests the donor’s near-field energy. Furthermore, by tuning the plasmonic resonance
wavelength close to the emission wavelength of the donor, the near-field energy of the donor will
be transformed into light at the expense of the FRET transfer rate and other nanoradiative
processes. If the plasmonic resonance wavelength approaches to the emission wavelength of the
acceptor, the emission intensity of the acceptor is strongly enhanced due to the energy transfer
from the donor. Lakowicz et al. investigated the FRET through positioning various sized silver
particles between the donor-acceptor pairs [15]. It was shown that the apparent energy transfer
distance increases with the increase of particle size and the distance from the metal core.
Theoretical investigation indicates that the RET process is highly sensitive to molecules’
position, which is attributed to the plasmon-enhanced radiative transfer rather than by a
nonradiative transfer mechanism [16].
Interestingly, gold nanoparticles were also explored as the efficient energy acceptors to
substitute for organic acceptors. It has been found that ultra-fine gold nanoparticles (~3 nm) are
able to quench the fluorescent emission of the energy donor in much longer separation distance,
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following 1/d4 distance dependence [19-23]. However, most of the previous studies have been
focused on ultra-fine gold nanoparticles as acceptors, which have no or negligible LSPR
absorption. The QD-gold nanoparticle systems, a representative of semiconductor-metal hybrid
nanostructures, have received increasing attention because both QDs and gold nanoparticles can
be tailored in size, shape and microstructure, which provides unprecedented flexibility in
controlling the electronic and optical properties. In QD-gold nanoparticle systems, the energy
quenching efficiency depends on several factors such as the particle size, shape and the
separation distance between the donor and the gold quencher [24-30]. Few experiments have
been performed to study the effect of size of gold nanoparticles on the energy transfer efficiency
and mechanism [15]. The effect of the size-dependent LSPR on the energy transfer efficiency
remains unclear.
Understanding of the energy transfer mechanism in QD-metal nanoparticles systems is
essential to the construction of devices based on energy transfer. In the present work, three
different sized gold nanoparticles (3 nm, 15 nm and 80 nm) that have different LSPR absorption
features are selected. The effect of the nanoparticle size on the energy transfer between the
CdSe/ZnS QDs and the gold nanoparticles will be investigated. The effect of LSPR on the
energy transfer efficiency and mechanism will be discussed.
6.2 Materials and experimental methods
6.2.1 Materials
Cadmium oxide (CdO, 99.99+%), zinc oxide (ZnO, 99.99%), sulfur (powder, 99.98%),
trioctylphosphine oxide (TOPO, tech. 90%), 1-octadecene (ODE, tech. 90%), oleic acid (tech.
90%), octyldecylamine (ODA, tech. 90%), trioctylphosphine (TOP, tech. 90%), selenium
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(powder, 99+%), 3-mercaptopropionic acid (MPA, 99+%), Hg(NO3)2 and 5 M NaCl stock
solution were purchased from Sigma-Aldrich. n-tetradecylphosphonic acid (TDPA) was
purchased from PCI Synthesis. Methylene dichloride (CH2Cl2, HPLC grade), methanol (ACS
grade) and acetone (ACS grade) were purchased from Fisher Scientific. Chloroauric acid
trihydrate (HAuCl4٠3H2O), NaBH4 (98%) and ethylenediamine (99%) were obtained from AlfaAesar. D.I. water was obtained from a Milli-Q academic Millipore system. All chemicals and
solvents were obtained from the commercial sources and used directly without any further
purification, and all glassware were cleaned successively with HNO3 and D.I. water, and then
dried before use.
6.2.2 Synthesis of CdSe/ZnS QDs
CdSe/ZnS QDs were synthesized by a well-established method with slight modification
[31,32]. CdO (0.4 mmol), TDPA (0.2 g), ODA (1.0 g) and TOPO (2.5 g) were added into a 50
mL three-neck flask and were evacuated for 30 min at 100 oC. The mixture was then heated to
300-320 oC under Ar-flow to obtain a colorless clear solution. After that, the temperature was
lowered to 260-270 oC for the injection of TOPSe (0.03 g Se in 2.4 mL TOP). Following this, the
temperature was lowered to 240 oC for CdSe growth and the fluorescence emission was
monitored using the 365 nm UV light. Once the desired fluorescence emission was observed, the
temperature was lowered to about 220 oC, and the calculated amount of the Zn- or S- stock
solution (0.407 g ZnO in 20 mL oleic acid and 30 mL ODE for 0.1 M Zn-stock solution, and
0.16 g S in 50 mL ODE for 0.1 M S-stock solution) for each ZnS monolayer was alternately
injected. The CdSe/ZnS QDs with 2 ZnS monolayers were obtained.
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6.2.3 Surface modification of CdSe/ZnS QDs with MPA
The as-made QDs were coated by the hydrophobic ligands, TOPO and ODA, and thus the asmade QDs cannot dissolve in the aqueous solution. The water soluble MPA-QDs were prepared
through the ligand exchange method [33-35]. Firstly, the MPA-KOH methanolic stock solution
was obtained by adding 4 mL MPA and 3.0 g KOH into 40 mL methanol. 5 mL TOPO-capped
QDs in CH2Cl2 with the optical density (O.D.) of 1.9 were precipitated and purified 4 times by
addition of methanol and acetone, and redispersed in 1 mL CH2Cl2, followed by the
centrifugation at a speed of 3,000 rpm to remove impurities. 200 μL of MPA-KOH methanolic
stock solution was added and incubated overnight. The precipitates can be observed, indicating
the formation of the hydrophilic QDs. The suspension was centrifuged at a speed of 3,000 rpm
and washed 4 times by CH2Cl2 and methanol to remove the excess MPA and exchanged organic
ligands. The resulting precipitates were dispersed into 20 mL 0.3 M PBS (0.3 M NaCl, 10 mM
NaH2PO4/Na2HPO4 buffer solution with pH=7), and then centrifuged at a very low speed to
obtain a clear water soluble MPA-QDs for further use.
6.2.4 Synthesis of DNA-modified CdSe/ZnS QDs and gold nanoparticles
Gold nanoparticles with different sizes were synthesized through the reduction of
HAuCl4٠3H2O by NaBH4 or trisodium citrate, as described in Section 3.2 [36-38]. The 80 nm
gold nanoparticles were provided by a commercial source (BioAssay Works Naked Gold, USA).
The ssDNAs were synthesized, purified and deprotected according to the well-documented
protocol [39]. Functionalization of QDs and gold nanoparticles with DNA was carried out
according to the well-established procedures by Mirkin [40] and Nie groups [41]. The watersoluble QDs and gold nanoparticles were attached by synthetic ssDNA with a C6 spacer
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appended to the 5’-phosphate backbone terminus of a 10 bp (base pair), 20 bp and 30 bp. The
amount of the loading DNA was controlled to at most 1 ssDNA molecule per particle, based on
the UV-vis absorption spectra. The spectra of the solution before and after conjugation were
recorded, and the loading of ssDNA per particle was calculated from the absorbance difference
at 260 nm based on 1 O.D. (260 nm)=50 ng DNA/μL. Also, the particle concentration was
obtained from the UV-vis absorption spectrum based on Beer-Lambert Law using the molar
extinction coefficient at the wavelength of maximum absorbance (ε(QDs, 570 nm)=2.0×105 M1

٠cm-1 [42], ε(3 nm Au, 506 nm)=1.1×105 M-1٠cm-1 [19], ε(15 nm Au, 520 nm)=1.0×108 M-

1

٠cm-1[43], and ε(80 nm Au, 550 nm)=6.9×1010 M-1٠cm-1 [44]).

6.2.5 Gold nanoparticle-QD conjugates
Gold nanoparticle-QD conjugate ensemble was prepared by the formation of thymidine-Hg2+thymidine (T-Hg2+-T) complexes in the presence of Hg2+, First, the assay solution was made by
adding DNA-gold conjugates (6.0 nM) and DNA-QD conjugates (6.0 nM) into the 0.3 M PBS
solution containing 0.3 M NaCl, 10 mM Na2HPO4/NaH2PO4 and 0.1 mM ethylenediamine.
Following this, the quenching assay was carried out by adding various concentrations of Hg2+
into the assay solution. The fluorescence intensity at 570 nm was monitored.
6.2.6 Characterization
The size and morphology of the nanoparticles were observed with a JEM 2100F transmission
electron microscope (TEM) with an acceleration voltage of 200 kV. UV-visible absorption
spectra were measured in the range of 200-800 nm with a Shimadzu UV-2550 spectrometer. The
fluorescence (FL) emission spectra were measured using a Hitachi F-7000 fluorescence
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spectrophotometer. The FL quantum yield (QY) was determined using Rhodamine 6G as a
reference.

6.3 Characterization and size-tunable optical properties of QDs
Semiconducting nanocrystals synthesized by colloidal chemistry techniques provide
unprecedented flexibility toward control of size-tunable optical properties. Optical spectra
(including absorption spectra and emission spectra) of CdSe/ZnS QDs can be tuned from the
blue emission region (~450 nm) to the red emission region (~650 nm) through adjusting the
reaction conditions (temperature, time or recipe) [45-47]. The classical organometallic route uses
highly toxic, expensive and pyroforic Cd(CH3)2 and bis(trimethylsilyl) sulfide as reagents [48].
However, novel greener synthetic schemes using environmentally more benign cadmium
precursor CdO is replacing the classical synthetic route [46,49,50]. We used CdO and Se as raw
materials to synthesize CdSe, and following this, the ZnS shell was grown using successive ion
layer adsorption and reaction method. A series of QDs with various fluorescence emission
wavelengths were obtained. Figure 6.1 shows optical absorption spectra and fluorescence
emission spectra of representative CdSe/ZnS core/shell QDs with various sizes. It was found that
optical absorption and fluorescence emission spectra red-shift with the increasing reaction time.
We can tune the fluorescence emission wavelength from 510 nm to 620 nm in the present work.
Figure 6.1c shows optical photos of representative QDs under excitation of 365 nm wavelength.
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Figure 6.1 (a) Optical absorption spectra and (b) fluorescence emission spectra of representative
CdSe/ZnS core/shell quantum dots dispersed in CH2Cl2. (c) Optical photos of representative
CdSe/ZnS core/shell quantum dots in CH2Cl2 under 365 nm excitation.

Figure 6.2a shows the representative TEM image of CdSe/ZnS QDs with the fluorescence
emission of 570 nm. It is clearly seen that QDs exhibit excellent dispersivity in CH2Cl2, and
possess a uniform size distribution with the size of 3.4 nm in diameter. The high resolution TEM
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image demonstrates the high crystallinity of the present QDs. In one word, the above results
show the controllable synthesis of QDs in the present work.

Figure 6.2 (a) TEM image (scale bar: 20 nm) and (b) HRTEM image (scale bar: 2 nm) of
CdSe/ZnS core/shell quantum dots with the fluorescence emission wavelength of 570 nm.

Furthermore, we checked the chemistry composition and surface chemistry using XPS and
FTIR. XPS shows that the prepared sample contains P and N elements in addition to Cd, Se, Zn
and S, which indicates the surface chemistry with TOPO and ODA ligands on the QD surface
(Figure 6.3). In the FTIR spectrum (Figure 6.4), peaks at 2921 cm-1 and 2847 cm-1 are assigned
to the asymmetric and symmetric stretching vibration modes of C-H, respectively [51]. The 1638
cm-1 peak is assigned to the C=C stretching mode from the ODA ligand [52], and the 1467 cm1

peak and the broad band around 1086 cm-1~1005 cm-1 are attributed to the deformation mode of

-CH3 and the stretching mode of C-C, respectively [53]. Therefore, XPS and FTIR demonstrate
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the complicated surface chemistry on the prepared QDs, which makes QDs soluble in
hydrophobic organic solvents (e.g. CH2Cl2 and toluene).

Figure 6.3 XPS survey scan of CdSe/ZnS core/shell quantum dots with the fluorescence
emission wavelength of 570 nm.

6.4 Preparation of water-soluble QDs and its surface functionalization
The prepared CdSe/ZnS QDs are hydrophobic in the present work, and its surface is capped
by hydrophobic ligands, like TOPO and ODA. Nevertheless, the biological applications require
QDs water-soluble so that many of studies are focused on the preparation of water-soluble QDs
[35,54,55]. Currently, the commonly used strategy for enabling biocompatibility is to modify the
surface of QDs with hydrophilic ligands, like 3-mercaptobenzoic acid (MPA), dihydrolipoic acid
(DHLA), HS-poly(ethylene glycol)-carboxyl acid (HS-PEG-COOH). In the present work, we
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employed the ligand exchange method to make the water-soluble QDs capped by MPA (Figure
6.5). The optical photo shows the excellent water solubility in PBS.

Figure 6.4 FTIR of CdSe/ZnS core/shell quantum dots with the fluorescence emission
wavelength of 570 nm.

Figure 6.5 Water-soluble CdSe/ZnS quantum dots through the ligand exchange method. Optical
photo shows the excellent water solubility in PBS.
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Figure 6.6 XPS (a) survey scan, (b) C1s core level and (c) S2p core level of 3mercaptopropionic acid-modified CdSe/ZnS quantum dots.

XPS survey scan shows that MPA-modified QDs have a similar elemental composition with
the TOPO/ODA-capped QDs (Figures 6.5 and 6.6), except that MPA-modified QDs contain K
element. This is because of KOH residues from the raw material MPA-KOH. In addition, it can
be clearly seen that the C1s core level shows the obvious 288.8 eV peak, assigned to the C=O
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[51]. FTIR spectrum of MPA-modified QDs exhibits a broad shoulder around 1680 cm-1 and a
sharp peak at 1576 cm-1 (Figure 6.7), which are attributed to the vibrational mode of free COOH
and the vibration of COO− anion [56]. Thus, we demonstrate the successful surface modification
of QDs using the ligand exchange method.

Figure 6.7 FT-IR spectra of 3-mercaptopropionic acid-modified CdSe/ZnS quantum dots.

6.5 Design and assembly of energy transfer system
Figure 6.8 schematically shows the nanoscale energy transfer system in which the QD acts as
the energy donor, the gold nanoparticle as the energy acceptor and the rigid double-stranded
DNA as the spacer between the QD and the gold nanoparticle. The separation distance between
the QD and the gold nanoparticle is controlled by the length of DNA, which are shown in Figure
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6.8. QDs with 3.4 nm in diameter and the fluorescence emission at 570 nm were used as the
energy donor. Gold nanoparticles with different particles sizes are used as acceptors. The TEM
images in Figure 6.9 reveal the size distribution of the 3 nm, 15 nm and 80 nm sized gold
nanoparticles (Figure 6.9b-d). It can be seen from the UV-visible absorption spectra that there
was no observable LSPR absorption for the 3 nm gold nanoparticles (Figure 6.9a) [57]. In
contrast, the 15 nm and 80 nm gold nanoparticles showed strong LSPR band at 520 nm and 550
nm, respectively (Figure 6.9a). The fluorescence emission band of the QDs exhibited partial
spectral overlap with the LSPR band of the 15 nm gold nanoparticles, and complete overlap with
the LSPR band of 80 nm gold nanoparticles (Figure 6.9a).

Figure 6.8 Schematic illustration of the quantum dot (energy donor)-DNA-gold nanoparticle
(acceptor) hybrid system in the presence of Hg(II) ions and used DNA sequences.
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Figure 6.9 (a) Extinction spectra of 3 nm, 15 nm and 80 nm gold nanoparticles, and fluorescence
emission spectra of DNA-functionalized quantum dots. (b-d) TEM images of 3 nm, 15 nm and
80 nm gold nanoparticles, respectively.

The ssDNA molecules attached to the QDs and to the gold nanoparticles were complementary
except for three deliberately designed T-T mismatches in the middle of the DNA strands (Figure
6.8). The absorption spectra indicate that the average loading of ssDNA was less than one DNA
molecule per QD or per gold nanoparticle [58]. In the absence of Hg2+ in the aqueous solution,
the free-standing ssDNA-QDs and the ssDNA-gold nanoparticles were well dispersed and unable
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to hybridize together due to the mismatched T-T base pairs. The fluorescence emission at 570
nm under laser excitation was observed. When Hg2+ was added into the solution, DNA
hybridization occurred due to the formation of T-Hg2+-T complexes. As a result, the QDs and the
gold nanoparticles were brought into close proximity, which enabled the energy transfer from the
QDs to the gold nanoparticles, leading to quenching of the fluorescence emission of the QDs
[13,23,58]. Firstly, we carried out a control experiment where Hg2+ was added to a solution
containing only ssDNA-QDs in the absence of the ssDNA-gold nanoparticles, and there is no
observable change in the intensity of the fluorescence emission of the QDs (Figure 6.10). This
suggests that fluorescence emission was quenched by the gold nanoparticles rather than the Hg2+
ions [59,60]. Willner and co-workers found that the Hg2+ can quench the fluorescence emission
of QDs through the electron transfer path [59]. However, this is not the case in our present work
because the electron transfer occurs only in the duplex DNA structure [60]. In Willner’s work,
addition of Hg2+ can induce the sandwich structure of DNA and thus results in the duplex
structure while our present DNA sequences do not enable this process in the absence of the
complementary DNA-gold nanoparticles and Hg2+. Therefore, the electron transfer quenching
cannot explain the quenching of fluorescence emission of QDs in the present system.
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Figure 6.10 Fluorescence spectra of the solution with (a) 10 base DNA-, (b) 20 base DNA- and
(c) 30 base DNA-functionalized QDs without gold nanoparticles in the absence and presence of
100 nM Hg2+. The FL intensity shows no observable change after addition of 100 nM Hg2+,
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indicating that Hg2+ makes negligible contribution to quenching of fluorescence from QDs in the
present work.

6.6 Size-dependent fluorescence quenching of QDs
Figure 6.11a shows the resulting fluorescence emission spectra of the QD/DNA/gold system
following successive addition of Hg2+. The fluorescence emission intensity decreased gradually
with an increase in the Hg2+ concentration for all three different sized gold nanoparticles (Figure
6.11b). The fluorescence quenching efficiency can be quantified by the Stern-Volmer equation
[61]

F0
= 1 + k • [Q]
F

(6.1)

where F0 and F are the fluorescence intensity in the absence and the presence of the quencher
(gold nanoparticle), respectively; k is the quenching constant, and Q is the concentration of
quencher. In the present work, the gold nanoparticles quenched the fluorescence emission only
when Hg2+ induced the DNA hybridization. Hence it is reasonable to replace the term [Q] with
the Hg2+ concentration. The Stern-Volmer plots in Figure 6.11c show that the quenching
efficiency increased with the size of the gold particles. The quenching constants derived from the
slope in Figure 6.11c were 1.2 × 107 M-1, 5.5 × 107 M-1 and 2.6 × 108 M-1 for the 3 nm, 15 nm
and 80 nm gold nanoparticles, respectively.
When the gold nanoparticles are large (such as 15 nm and 80 nm sized gold nanoparticle in
the present study), a distinct LSPR peak exists in the UV-visible absorption spectra, and FRET is
the dominant energy transfer mechanism for donor-acceptor separation distances investigated.
This occurs because of the fact that the dipole of the quantum dot can efficiently couple with the
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dipole of LSPR field near the gold nanoparticle. The dipole-dipole interaction is expected to lead
to a 1/d6-distance dependence for the quenching efficiency, as is usually seen in the FRET
process. A discrepancy in the quenching efficiency still exists between the 15 nm and 80 nm
nanoparticles. The most likely reason is due to larger spectral overlap between the 80 nm LSPR
absorption of the gold nanoparticles and the emission of the quantum dots. However, the increase
in the coulombic attraction with size and the existence of a quadrupole mode in the 80 nm gold
nanoparticle could also have an effect [62].

Figure 6.11 Quenching of fluorescence emission of the quantum dots by the gold nanoparticles
with different sizes (3 nm, 15 nm and 80 nm); (a) Fluorescence emission spectra of the solutions
containing the DNA-quantum dots and the DNA-gold nanoparticles after addition of various
concentrations (0 to 60 nM) of Hg(II) ions; (b) Normalized fluorescence emission intensity as a
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function of Hg(II) ions; (c) Stern-Volmer plots showing the efficiencies of quenching by three
types of gold nanoparticles with different sizes.

As compared with the 15 nm and 80 nm sized gold nanoparticles, the 3 nm gold nanoparticle
had a smaller quenching efficiency because of its smaller size and the lack of LSPR involvement.
Although controversy still exists around its correctness, the theory of Perrson [63], now referred
to as nanometal surface energy transfer (NSET), has been highly successful in describing the
fluorescence quenching by small gold nanoparticles [23]. Unlike FRET, NSET does not require a
resonant electronic transition, but rather an interband electronic transition. Persson’s theory
accounts for the formation of dipole-induced electron-hole pairs in a thin layer of a semi-infinite
metal hemisphere. It considers the collective interaction of all the dipoles in a thin film near the
surface of the metal, creating a 1/d coupling instead of the usual 1/d3 coupling of the dipole
approximation. The distance dependence of the quenching in NSET is more than double the
detectable distance in FRET, becoming very popular as a detection scheme. Although the theory
is derived by assuming a semi-infinite surface, the quantum dots and dyes are of a similar scale
in this experiment. This means that the surface of the gold nanoparticle is limited in size and will
only accept a limited amount of energy. In short, for 3 nm sized gold nanoparticles, the energy
transfer is limited to the NSET mechanism which can only accept energy by the formation of
electron-hole pairs near the surface. The 15 and 80 nm gold nanoparticles are expected to have
an increased energy interaction because of the existence of their LSPR absorption.

6.7 Energy transfer mechanism in different sized gold systems
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As mentioned above, the different sized gold nanoparticles show distinct quenching
efficiency, and existence of LSPR will affect the energy transfer rate. To further understand and
verify the mechanism of energy transfer from the QDs to the gold nanoparticles, we have
examined the separation distance (d0) at which the energy transfer efficiency is 50%, and the
power law (n) for quenching efficiency (E). For the NSET mechanism, d0 can be quantified as
[64]

d 0 ( NSET )

⎡
⎤
Φ QD
1
= ⎢0.225 ⋅ 2 ⋅
⋅ c3 ⎥
ωQD ω F k F
⎢⎣
⎥⎦

1/ 4

(6.2)

where ΦQD is the quantum yield of the donor in the absence of acceptor, ωQD and c represent the
angular frequency of the donor emission and the light velocity in vacuum, ωF=1.2×1010 m-1 and
kF=8.4×1015 rad/s are the bulk gold angular frequency and Fermi vector, respectively. The d0
value in the NSET was calculated to be 5.77 nm from equation 6.1 for all the gold nanoparticles.
In the FERT mechanism, d0 can be described as [61]

[

d 0( FRET ) = 0.211 κ 2 Φ QD (n) − 4 ⋅ J (λ )

]

1/ 6

(6.3)
where κ2 describes the relative orientation in space of the transition dipoles of the donor and the
acceptor, and is taken to be 2/3 assuming rapid orientational averaging of the donor within the
lifetime of its excited state [65], n is the refractive index of the medium (to be 1.33 in the present
work), J(λ) is the overlap integral between the normalized donor emission and the acceptor
extinction coefficient. The overlap integral between the emission spectrum of the quantum dot
and the extinction spectrum of the gold nanoparticle increases as the gold particle size increases.
The values of the overlap integral are J(λ)=5.5×1015 M-1٠cm-1٠nm4, 3.9×1018 M-1٠cm-1٠nm4 and
6.6×1021 M-1٠cm-1٠nm4 for 3 nm, 15 nm and 80 nm gold nanoparticles. The d0 values in the
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FRET model were thus 3.74 nm, 8.16 nm and 14.08 nm for the 3 nm, 15 nm and 80 nm gold
nanoparticles.

Figure 6.12 Fluorescence emission spectra of solutions of CdSe/ZnS quantum dots and 3 nm
gold nanoparticles when it uses DNA sequence of (a) 20 base pairs and (b) 30 base pairs, 15 nm
gold nanoparticles when it uses DNA sequence of (c) 20 base pairs and (d) 30 base pairs, and 80
nm gold nanoparticles when it uses DNA sequence of (e) 20 base pairs and (f) 30 base pairs in
the absence and presence of 60 nM Hg2+.
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A generic form of the efficiency of quenching follows a power law [64]
E=

1
1 + (d / d 0 ) n

(6.4)

where E is the quenching efficiency and d is the separation distance between the surface of the
gold nanoparticle and the donor [30], n is dependent on the mechanism of energy transfer from
the donor to the acceptor. n=6 for both the FRET model and n=4 for the NSET model. Taking
the d0 values calculated from the above, the theoretical plots of the quenching efficiency versus
the separation distance were fitted following equation 6.4 (Figure 6.13). In our experiment, the
length of double-stranded DNA between the QD and gold nanoparticle was varied to be 6.24,
9.64 and 13.04 nm. The quenching efficiency was then measured in the three different separation
distances (Figures 6.12). Comparing the experimental data of the quenching efficiency with the
theoretical curves in Figure 6.13, it can be seen that the NSET model shows a better fit to the
experimental data for the 3 nm gold particles. This is due to the lack of a pronounced LSPR
dipole absorption necessary for FRET. The 1/d4 dependence allows a longer detection distance
than that with FRET. This is in agreement with the previous reports [13,19,23,64]. The FRET
model provides a better fit to the experimental data for the 15 nm and 80 nm gold nanoparticles.
This is to be expected because both have spectral overlap between the emission of quantum dots
and the LSPR absorption of gold nanoparticles. The coupling between two dipoles leads to a 1/d6
distance dependence of the quenching efficiency as it is usually seen in the conventional FRET
[66,67].
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Figure 6.13 Experimental data points of the quenching efficiency and theoretical curves of the
quenching efficiency versus the separation distance that were fitted based on the FRET and
NSET models for (a) 3 nm gold nanoparticles, (b) 15 nm gold nanoparticles and (c) 80 nm gold
nanoparticles.

6.8 Summary
In summary, the chapter firstly describes the synthesis of CdSe/ZnS QDs, and its size-tunable
optical properties (optical absorption and fluorescence emission). Then, water-soluble QDs for
biocompatible applications were obtained through the ligand exchange by MPA. Based on these,
the energy transfer between quantum dots and gold nanoparticles with different sizes was
investigated. The efficiency of fluorescence quenching of the quantum dots by the gold
nanoparticles increases with an increase in the size of gold nanoparticles. It was found that the 3
nm gold nanoparticle without observable LSPR absorption quenched the fluorescence emission
of quantum dots via the NSET mechanism, following a 1/d4 distance-dependence. Large sized
gold nanoparticles with significant LSPR followed the FRET mechanism of resonant energy
transfer with a 1/d6 distance-dependence. The 80 nm sized gold nanoparticles exhibit higher
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quenching efficiency than the 15 nm sized gold nanoparticle, which is attributed to an increase of
the spectral overlap between the LSPR absorption and the emission of quantum dots. The 3 nm
gold nanoparticle did not display a LSPR absorption and the quenching by the NSET mechanism
was not as efficient as the FRET.
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CHAPTER 7: MERCURY(II) DETECTION BASED ON ENERGY
TRANSFER

BETWEEN

QUANTUM

DOTS

AND

GOLD

NANOPARTICLES

7.1 Introduction
With the advancement of human civilization and demands of high-quality living level,
growing concern for the food safety, environmental pollution and detection of counterfeiting, etc.
has sparked interest in developing reliable and effective sensing/monitoring approaches. In
Chapters 4 and 5, we demonstrated that SERS is useful for a wide range of applications, relying
on the localized surface plasmon resonance (LSPR) absorption along with the substrates. The
proper LSPR substrate can promote performances of SERS devices. Furthermore, Chapter 6
systematically describes particle size-effect on the energy transfer between CdSe/ZnS core/shell
quantum dots (QDs) and gold nanoparticles. The different particle sizes result in distinct energy
transfer mechanism: nanometal surface energy transfer (NSET) and classical Förster (also called
as fluorescence) resonance energy transfer (FRET). Although both energy transfers possess the
common physical origin in essence, the apparent characters are different. The NSET follows a
1/d4 separation dependence while the FRET follows a 1/d6 separation dependence, which is
mainly attributed to involvement of LSPR absorption. In this chapter, we focus on the
application of energy transfer between QDs and gold nanoparticles in Hg2+ detection.
Hg2+ is one of the most toxic heavy metals and a kind of persistent contaminant that is not
biodegradable and thus is retained in the ecosystem [1-3]. Moreover, Hg2+ can accumulate in
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vital organs through the food chain and cause human illness and dysfunctional, posing a threat to
human health, animals, plants, and the planet itself [4-8]. Conventional analytical techniques
including cold-vapor atomic fluorescence spectrometry (CV-AFS) [9], cold-vapor atomic
absorption spectrometry (CV-AAS) [10], inductively coupled plasma-mass spectroscopy (ICPMS) [11], ultraviolet-visible spectrometry and X-ray absorption spectroscopy [12] have been
extensively used for measurement of Hg2+ in water samples. However, these methods are laborintensive, time-consuming, laboratory-based and require large sample volumes. Furthermore,
they cannot be used for on-site detection of Hg2+ in the environment. Therefore, there is a strong
incentive to develop a sensitive, reliable and convenient approach for monitoring Hg2+ in the
environment. Much effort has been made to develop portable sensors, including fluorescent
sensors based on organic fluorophores and conjugated polymers, scanometric sensors and
colorimetric sensors [13-17]. Special attention has been paid to the sensors based on Förster
resonance energy transfer (FRET) between a fluorescent donor and an acceptor [18-22].
Generally, organic dyes are used as the energy donor and the energy acceptor to construct FRET
sensors in previous studies. Nevertheless, organic dyes usually undergo some disadvantages such
as degradation and low fluorescence efficiency.
Recently, the organic energy acceptor was replaced with a gold nanoparticle although the
energy donor still was the organic dye, leading to a high energy transfer rate from the organic
energy donor to the gold nanoparticle acceptor and a long quenching distance [23-28]. It would
be of significance to eliminate the organic dyes that are present in the above-mentioned FRET
and NSET sensors, because the use of organic dyes results in photo-bleaching, low sensitivity
and poor reproducibility.
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It was introduced in Chapter 6 that semiconductor quantum dots (QDs) are attractive
fluorescent labels due to their high quantum efficiency, photo-stability and size-tunable optical
properties as compared to conventional organic dyes [29-31]. In the present work, we used QDs
as the energy donors and 3 nm gold nanoparticles as the energy acceptors to construct a
nanosurface energy transfer (NSET) sensor for Hg2+ detection in water. It is found that this kind
of sensor provides high sensitivity, selectivity and strong anti-inference capability for Hg2+
detection.

7.2 Materials and experimental methods
7.2.1 Materials
Cadmium oxide (CdO, 99.99+%), zinc oxide (ZnO, 99.99%), sulfur (powder, 99.98%),
trioctylphosphine oxide (TOPO, tech. 90%), 1-octadecene (ODE, tech. 90%), oleic acid (tech.
90%), octyldecylamine (ODA, tech. 90%), trioctylphosphine (TOP, tech. 90%), selenium
(powder, 99+%), p-mercaptobenzoic acid (MBA, tech. 90%), 3-mercaptopropionic acid (MPA,
99+%), Cu(NO3)2, Hg(NO3)2, (HgNO3)2٠2H2O, Pb(NO3)2 (99.995%), Cd(NO3)2٠4H2O, and 5 M
NaCl stock solution were purchased from Sigma-Aldrich. n-tetradecylphosphonic acid (TDPA)
was purchased from PCI Synthesis. Methylene dichloride (CH2Cl2, HPLC grade), methanol
(ACS grade) and acetone (ACS grade) were purchased from Fisher Scientific. Chloroauric acid
trihydrate (HAuCl4٠3H2O), NaBH4 (98%), KI (99.9%), AgNO3 (Premion, 99.995%) and
ethylenediamine (99%) were obtained from Alfa-Aesar. All chemicals and solvents were
obtained from the commercial sources and used directly without any further purification, and all
glassware were cleaned successively with HNO3 and D.I. water, and then dried before use.
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7.2.2 Synthesis of DNA-QD conjugates and DNA-gold conjugates
Firstly, we synthesized QDs with desired fluorescence emission wavelength according to the
described method in Section 6.2. Briefly, a mixture of 0.0514 g CdO, 0.2232 g TDPA, 1.0 g
ODA and 2.5 g TOPO was heated to 300 oC above under a Ar flow to obtain a colorless clear
solution, and then lowered to 260 oC for the injection of TOPSe solution (0.0665 g Se in 2.4 mL
TOP). The temperature was kept at 240 oC for the growth of the desired CdSe nanocrystals. The
0.1 M Zn-containing stock solution was made by 0.407 g ZnO in 20 mL oleic acid and 30 mL
ODE. The 0.1 M S-containing stock solution was made by 0.16 g S in 50 mL ODE. Once the
CdSe nanocrystals with the desired fluorescence emission was observed, the temperature was
lowered to about 220 oC, and the calculated amount of the Zn- or S-stock solutions for each ZnS
monolayer were alternately injected. After that, the resulting CdSe/ZnS nanocrystals were
purified by methanol and acetone, followed by the ligand exchange with MPA to prepare the
water soluble QDs.
The 3 nm gold nanoparticles were prepared through the reduction of HAuCl4٠3H2O by
NaBH4 [32]. The water soluble QDs and gold nanoparticles were functionalized by two
complementary ssDNA except for three deliberately designed T-T mismatches (5’-HS-(CH2)6CAGTTTGGAC-3’ and 5’-HS-(CH2)6-GTCCTTTCTG-3’), respectively [33, 34].
The loading of ssDNA onto the QDs was determined based on the UV-vis absorption spectra
before and after modification with ssDNA and the absorbance difference at 260 nm [35]. The
molar extinction coefficient (ε) of QDs is 2.0×105 L/(mol٠cm) according to the literature [36]. In
addition, the exact DNA concentration can be determined by the absorbance at 260 nm,
according to [37]
1 O.D. (260 nm)=50 ng DNA/μL
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Therefore, since the resulting DNA-QD stock solution has a QD concentration of 0.9 μM
(C=A551nm/(b٠ε)), the average DNA loading can be calculated to be four DNAs per QD.
Similarly, we can obtain the DNA loading per gold nanoparticle. 3 nm gold nanoparticles
contain 976 gold atom (Au976) [38]. The average DNA loading was roughly estimated to be one
DNA per gold nanoparticle. In the above calculation, we used the molecular weight 3043 g/mol
and 2985 g/mol for 5’-HS-(CH2)6-CAGTTTGGAC-3’ and 5’-HS-(CH2)6-GTCCTTTCTG-3’,
respectively.
The average DNA loadings of the resulting DNA-functionalized QDs and gold nanoparticles
(Probe A: QD-S-CAGTTTGGAC-3’ and Probe B: Au-S-GTCCTTTCTG-3’) were four DNAs
per QD and one DNA per Au NP based on the optical absorption spectra.
7.2.3 Assembly of QD-DNA-gold ensemble and Hg2+ detection
The DNA-QD stock solution was diluted to 30 mL using the PBS buffer. Afterwards, 8 mL
diluted DNA-QD solution, 4 mL 0.3 M PBS solution (10 mM NaH2PO4/Na2HPO4 and 0.3 M
NaCl) and 0.5 mL DNA-Au NPs were mixed, followed by addition of 10 mM ethylenediamine
PBS stock solution and 5 M NaCl. This resulted in the test solution.
The test was conducted in a PBS solution that contained 96 nM DNA-QDs, 104 nM DNAgold nanoparticles, 0.1 mM ethylenediamine, 10 mM NaH2PO4/Na2HPO4 and 0.3 M NaCl.
After Hg2+ ions were added into the test solution (1 μM Hg2+), the time-dependent
fluorescence emission intensity at 572 nm was monitored to determine the hybridization kinetics.
For the sensitivity measurement, different concentrations of Hg2+ (0, 1, 2, 3, 4, 5, 6, 8 10, 15,
20, 30, 40, 60, 80, 100, 200, 500 and 1000 nM) were added. The fluorescence emission spectra
were then monitored.
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For the selectivity measurement, various different metal ions of 100 nM was supplied with
their salts (KI, AgNO3, (HgNO3)2٠2H2O, CaCl2, Cd(NO3)2٠4H2O, Cu(NO3)2, Hg(NO3)2 and
Pb(NO3)2). The fluorescence emission spectra were monitored after the induction of metal ions
into the test assay.
The river water sample was taken from the Monongahela River, and then filtered with the
filter paper (Millipore, Isopore membrane). Then, 8 mL DNA-QD solution, 4 mL filtered river
water and 0.5 mL DNA-Au NP solution were mixed, followed by the measurement of various
concentrations of Hg2+ according to the same procedure as shown above.
7.2.4 Characterization
The size of QDs and gold nanoparticles was observed under a transmission electron
microscope (TEM) with a JEM 2100F operated at 200 kV. The TEM specimens were prepared
by dropping the gold nanoparticle solution onto a carbon-coated copper grid, and then dried in
air. UV-visible absorption spectra were recorded in the range of 200-800 nm with the Shimadzu
UV-2550 spectrometer (Japan). The fluorescence (FL) emission spectra were measured using a
HITACHI F-7000 fluorescence spectrophotometer. X-ray photoelectron spectra (XPS)
measurements were carried out with PHI 5000 Versa Probe system (Physical Electronics, MN).
The obtained spectra were calibrated with the reference to the C1s peak of aliphatic carbon at
284.8 eV.

7.3 Design of energy transfer-based sensors and its operation principle
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Figure 7.1a shows the optical absorption and fluorescence emission spectra of TOPO-QDs
used in the present work. Inset indicates the strong yellow fluorescence emission. TEM image
indicates a uniform size distribution with 3.8 nm in diameter (Figure 7.1b).

Figure 7.1 (a) optical absorption and fluorescence emission spectra of TOPO-CdSe/ZnS
quantum dots in CH2Cl2. Inset shows the optical photo of TOPO-CdSe/ZnS quantum dots in
CH2Cl2 under excitation of 365 nm laser. (b) TEM image of TOPO-CdSe/ZnS quantum dots.

We used the present QDs as the energy donors and 3 nm gold nanoparticles as the energy
acceptors to construct Hg2+ sensor. Figure 7.2a schematically shows the design of the NSET
sensor. Firstly, two probes (Probe A: QD-S-CAG TTT GGA C-3’ and Probe B: Au-S-G TCC
TTT CTG-3’) were prepared by functionalization of the 3.8 nm sized water-soluble CdSe/ZnS
core-shell QDs and the 3 nm sized gold nanoparticles with ssDNA sequences of 5’-HS-(CH2)6CAG TTT GGA C-3’ and 5’-HS-(CH2)6-G TCC TTT CTG-3’, respectively. These two ssDNA
strands are complementary except for three deliberately designed T-T mismatches. In the
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Figure 7.2 (a) Schematic illustration of the operating principle of the QD/DNA/gold
nanoparticle ensemble sensor for Hg2+ detection. (b) Fluorescence emission spectra and (c)
Photograph under 365 nm laser excitation of the QD/DNA/gold nanoparticle solution (96 nM
QDs, 104 nM gold nanoparticles and 0.1 mM ethylenediamine in 0.3 M PBS) before and after
addition of 1 µM Hg2+.

absence of Hg2+, Probe A and Probe B are not capable of hybridization and dispersed in the
aqueous solution due to the electrostatic repulsion from negatively charged ssDNA attached on
the nanoparticle surfaces. In this case, Probe A will fluoresce at 572 nm under laser excitation.
When Hg2+ ions are present, DNA hybridization will occur due to the formation of thymineHg2+-thymine (T-Hg2+-T) complexes [39]. As a result, QDs and gold nanoparticles will be
brought into close proximity, which enables NSET between the QDs and gold nanoparticles,
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leading to quenching of the fluorescence emission of the QDs (Figure 7.2a,b). Visual
examination showed that the brightness of the QD/DNA/gold nanoparticle solution diminished
remarkably after addition of 1 µM Hg2+ ion (Figure 7.2c). The further experiment indicated that
there is no observable change in the fluorescence emission intensity when 60 nM or more Hg2+
was added to the solution only containing QDs but not gold nanoparticles (Figure 7.3).
Therefore, quenching of fluorescence emission of QDs is due to gold nanoparticles rather than
addition of Hg2+ ions.
Generally, the fluorescence emission of the quantum dots could be quenched by the proximal
gold nanoparticle via two possible mechanisms, that is, charge transfer (such as Dexter [40,41])
and energy transfer (such as FRET [18-22] and NSET [23-28]). In the Dexter mechanism, charge
carriers are exchanged between the donor and the acceptor, which requires the overlap of the
wavefunctions between the donor and the acceptor. The rate of charge transfer decreases
exponentially as the distance, following the relation of exp[-(2r/L)], where r is the edge-to-edge
distance between the donor and the acceptor, L is the sum of the van-der Waals radii of the donor
and the acceptor. Therefore, the rate of charge transfer drops to negligibly small values as the
edge-to-edge distance increases more than one or two molecular diameters (0.5~1 nm). FRET
originates from the dipole-dipole interaction, which requires the overlap of the emission band of
the donor with the absorption band of the acceptor. The rate of energy transfer depends on the
1/d6 separation distance. The fluorescence emission of the donor could be quenched in the
separation distance up to 10 nm. NSET does not require a resonant interaction between the
electrons but rather an interband electronic transition, which is described by the theory of
Perrson [42]. The rate of energy transfer decreases with a 1/d4 distance-dependence. NSET
typically shows longer energy transfer distance than FRET. Willner et al claimed that the
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quenching of quantum dots (QDs) was ascribed to the electron transfer from the QD to metallic
ions [35]. Based on the investigation in Chapter 6, it is believed that the fluorescence emission of
the quantum dots was quenched by the gold nanoparticle via the NSET mechanism. Our results
show that the efficiency of quenching followed a 1/d4 distance-dependence instead of the
exponential relation. The fluorescence emission of the quantum dots was quenched by the gold
nanoparticle at the separation distance up to ~6.2 nm, which was much longer than the typical
quenching distance in the Dexter mechanism.

Figure 7.3 Fluorescence emission spectra of DNA-CdSe/ZnS quantum dots in the absence and
presence of 60 nM and 100 nM.
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7.4 Hybridization kinetics
The hybridization kinetics of Probe A and Probe B was monitored in the phosphate buffered
saline (0.3 M PBS) solution (pH=7.0) containing 10 mM NaH2PO4/Na2HPO4 and 0.3 M NaCl
with the presence of 1 µM Hg2+ at room temperature (Figure 7.4). It was found that it took about
10 min to accomplish DNA hybridization through the coordinating interaction between Hg2+ and
the thymine base. The assay time was shorter than the results reported previously [34].

Figure 7.4 Time-dependent fluorescence emission intensity at 572 nm of the QD/DNA/gold
nanoparticle system at 1 µM Hg2+ concentration of (96 nM CdSe/ZnS QDs, 104 nM gold
nanoparticles and 0.1 mM ethylenediamine in 0.3 M PBS).

7.5 Sensitivity testing toward Hg(II) concentration
To evaluate the sensitivity of the NSET sensor, the fluorescence emission intensity of the
assay was measured after addition of various concentrations of Hg2+ ions (0, 1, 2, 3, 4, 5, 6, 8,
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10, 15, 20, 30, 40, 60, 80, 100, 200, 500 and 1000 nM) (Figure 7.5). As shown in Figure 7.5a,b,
the intensity of fluorescence emission was very sensitive to the change in the Hg2+ concentration,
and decreased as an increase in the Hg2+ concentration. The fluorescence quenching efficiency
was quantified by the equation (η=(Fo-F)/Fo), where Fo and F were the fluorescence intensity at
572 nm before and after Hg2+ addition, respectively. A linear correlation between the
fluorescence quenching efficiency and the Hg2+ concentration was observed in the Hg2+
concentration range from 2 nM to 60 nM (Figure 7.5c). The international World Health
Organization (WHO) and the U.S. Environmental Protection Agency (EPA) regulate the
maximum allowable levels of Hg2+ in drinking water to be 6 ppb and 2 ppb, respectively. The
present method enables the efficient detection of Hg2+ in water with an ultra-low limit of
detection (LOD) of 2 nM (0.4 ppb), which is lower than both WHO and EPA standards. The high
sensitivity is mainly attributed to the efficiency fluorescence quenching by coupling of several
gold nanoparticles to one QD. The LOD of the present NSET mercury sensor was improved in
comparison with those of the previously reported colorimetric sensor (LOD=3 µM) [16] and the
FRET sensor (LOD=40 nM) [39] although all these three types of sensors have the similar
molecular recognition probe, i.e., the DNA containing the T-Hg2+-T coordination.
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Figure 7.5 (a) Fluorescence emission spectra of the QD/DNA/Au NP system in 0.3 M PBS
solution after addition of various concentrations of Hg2+ (0, 1, 2, 3, 4, 5, 6, 8, 10, 15, 20, 30, 40,
60, 80, 100, 200, 500 and 1000 nM) into the 0.3 M PBS solution (96 nM QDs, 104 nM Au NPs
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and 0.1 mM ethylenediamine). (b) Plot of fluorescence quenching efficiency as a function of the
Hg2+ concentration. (c) linear region of (b).

7.6 Selectivity testing toward metal ions
The selectivity of the NSET sensor has been investigated by testing the fluorescence
quenching efficiency in the presence of other environmental metal ions, including K+, Ag+, Hg+,
Ca2+, Cd2+, Cu2+ and Pb2+. At first, the fluorescence quenching efficiency was measured upon
addition of a single type of 100 nM metal ions into the 0.3 M PBS solution (Figure 7.6). The
result showed excellent selectivity toward Hg2+ over other metal ions including Hg+. The
excellent selectivity for Hg2+ was attributed to its specific chelating ability with DNA through
the formation of T-Hg2+-T complexes [39]. Furthermore, to test the anti-interference capability,
the fluorescence quenching efficiency of the assay was measured in the PBS solution in which
Hg2+ co-existed with the mixture of K+, Ag+, Hg+, Ca2+, Cd2+, Cu2+ and Pb2+ ions (the
concentration of each metal ion in the mixture was 100 nM) (Figure 7.6). Although the addition
of the mixed metal ions without Hg2+ resulted in little higher fluorescence quenching than that of
the individual metal ion, the fluorescence quenching efficiency was obviously far higher in the
presence of Hg2+. This indicated that the present nanosensor had strong anti-interference
capability and excellent selectivity.
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Figure 7.6 Fluorescence quenching efficiency in the presence of various metal ions. The
concentration of each metal ion is 100 nM (96 nM QDs, 104 nM Au NPs and 0.1 mM
ethylenediamine in 0.3 M PBS).

7.7 Anti-interference testing in river water
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In order to test whether the NSET sensor is able to be used in the real-world water, the
interference of unknown substance in the river water on the fluorescent emission of nanosensor
was evaluated with the water sample from the Monongahela River near our campus. Prior to
testing, the river water was filtered by the filter paper (Millipore, Isopore membrane). The total
mercury content in the filtered river water was measured to be < 0.1 ppb by Agilent 7500ce
inductively coupled plasma mass spectrometry (ICP-MS). The filtered water was then mixed
with the stock DNA-QD buffer solution in the ratio of 1:2 (v/v) to obtain the DNA-QD test
solution. The sensitivity of the QD/DNA/gold/river water system was checked after addition of
various concentrations of Hg2+ ions (0, 1, 2, 4, 6, 8, 10, 15, 20, 30, 40, 60, 80, 100, 200, 500 and
1000 nM). The initial fluorescence intensity in the DNA-QD solution containing the river water
was much lower than that in the pure buffer solution used (Figure 7.7a), which was believed to
be ascribed to the fluorescence quenching of the QDs by the various environmental substances in
the river water. The fluorescence intensity of the assay decreased as an increase in the
concentration of the added Hg2+ ions (Figure 7.7b). The sensitivity (the slope of the linear
region) was a little lower and the limit of detection increased to 6 nM (1.2 ppb) as compared to
that (0.4 ppb) of the pure PBS assay (Figure 7.8c).
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Figure 7.7 (a) Fluorescence emission spectra of the QD/DNA/Au NP system in river water
containing various concentrations of Hg2+ (0, 1, 2, 4, 6, 8, 10, 15, 20, 30, 40, 60, 80, 100, 200,
500 and 1000 nM) (96 nM QDs, 104 nM Au NPs, 0.1 mM ethylenediamine and 0.3 M NaCl in
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the mixture of the PBS with the river water). (b) Plot of the fluorescence quenching efficiency as
a function of the Hg2+ concentration in river water. (c) linear region of (b).

7.8 Summary
This chapter is engaged in developing an ultrasensitive and highly selective nanosensor for
Hg2+ detection in water, which is based on the NSET in the QD/DNA/gold nanoparticle
ensemble. This sensor shows a limit of detection of 0.4 ppb in the buffer solution. The excellent
selectivity toward Hg2+ was demonstrated in an aqueous solution in the presence of other
environmental metal ions. The developed nanosensor can be used for on-site detection of
mercury in real aquatic environment. The developed nanosensor has a number of distinct
advantages. First, the QD-gold optical assay eliminates the photo-bleaching problem that is
usually associated with organic dyes. Second, individual QDs are bright fluorophores due to their
high quantum yield, which enables the QD/gold assay to offer high sensitivity. Third, the
QD/DNA/gold ensemble enables the NSET sensing mechanism. It has been reported that NSET
has higher energy transfer efficiency and wider energy transfer distance than the conventional
FRET [23,43,44]. Fourth, DNA as a molecular recognition probe is more stable in a nonphysiological solution than enzymes, proteins and live microbes that are typically used as
molecular recognition probes in biosensors. Finally, the design of our nanosensor system
provides a potential capability of simultaneous and discriminative detection of several metal ions
in a multi-analyte sample through tuning the optical emission of quantum dots at various
wavelengths. The fluorescence emissions of the multi-color QDs can be excited with a single
laser at a wavelength far from the emission wavelengths of all the QDs. This is a significant
advantage over the multiple light sources required to excite a series of organic dyes.
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CHAPTER 8: CONCLUSIONS AND REMARKS ON FUTURE RESEARCH

8.1 Conclusions
In this work, gold nanostructures were used to develop surface-enhanced Raman scattering
(SERS)- and resonance energy transfer (RET)-based sensing platforms for chemical, biological
and environmental applications. Gold nanomaterials with various sizes and shapes exhibit unique
optical properties including LSPR frequency, intensity and field distribution, which render
distinguishing SERS and RET efficiency, and hence result in different performances among
SERS sensors or RET sensors based on these gold nanostructures.
Specifically, the present work draws conclusions as follows:
1. Molecular structures of Raman tags are of fundamental and practical importance in the design
of SERS devices, which determines the amplification of Raman signals and thus the sensitivity
of SERS detection. SERS difference among various structural molecules (MPA, Cys, TP and
MBA) originates from the electronic interaction with the gold nanoparticles to some extent. It is
demonstrated that MBA with benzene ring structure exhibits the strongest SERS than the linear
MPA and Cys. Our results show that the electrons transfer from the gold nanoparticle to the
surface-immobilized aromatic molecules. The transferred electrons in the aromatic molecule
monolayers are delocalized and lead to enhancement of electromagnetic field surrounding the
gold nanoaprticles. This type of EM enhancement can contribute to “hot spot”, and amplify the
SERS signal.
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2. Shape of gold nanoparticles affects not only the intensity and position of LSPR absorption but
also the electric field distribution, and thus determines the SERS activity.
a). The gold nanostars show the highest SERS activity under both 532 nm and 785 nm
incident lasers while the gold nanospheres have low SERS activity.
b). The three-dimension FDTD simulation shows the significant different electric field
distributions among gold nanospheres, nanorods and nanostars. The gold nanostars exhibit the
highest maximum electric field intensities in both cases of 532 nm and 785 nm laser excitations.
In addition, the maximum electric field intensity appears around two ends of nanorods and
around these tips of nanostars so that the sharp components in nanostructures can concentrate
and confine the electromagnetic field. Therefore, the shape difference among these gold
nanostructures governs the SERS activity difference.

3. Gold@MGITC@SiO2 sandwiched structures were prepared. It was found that
a). These sandwiched structures can improve the colloidal stability and LSPR stability in a
wide range of liquid environments (e.g. organic solvents and high ionic strength). More
importantly, SiO2 encapsulation prevents MGITC molecules from leaking out and improves the
stability of signals of Raman probe.
b). These unique advantages shown above enable the potential capability of this kind SERS
sensors for applications in monitoring of DNA hybridization.
c). A SERS sensor for ATP detection is developed, which is based on the gold
nanostar@MGITC@SiO2 sandwiched structure as the signaling probe and ATP-binding aptamer
as the recognition element. This sensor exhibits a detection limit of 12.4 pM and excellent
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selectivity over its analogues such as GTP and CTP. This high sensitivity is attributed to the
strong signal amplification ability of gold nanostar@MGITC@SiO2.

4. The high quality CdSe/ZnS quantum dots were synthesized by a thermolytic route. The optical
properties (absorption and fluorescence spectra) of CdSe/ZnS quantum dots were successfully
tailored by controlling the reaction temperature and reaction time. The emission wavelength can
be tuned from 510 nm to 620 nm. The fluorescent water soluble CdSe/ZnS quantum dots can be
achieved by ligand exchange method with MPA.

5. The energy transfer between quantum dots and different sized gold nanoparticles was
investigated. The fluorescence quenching efficiency of the quantum dots by the gold
nanoparticles increases with an increase in the size of the gold nanoparticles. Furthermore, it was
found that
a). 3 nm gold nanoparticles without observable LSPR absorption quenched the fluorescence
emission of quantum dots via the nanometal suface energy transfer mechanism, which follows a
1/d4 distance-dependence.
b). Large sized gold nanoparticles with significant LSPR quenched the fluorescence emission
of quantum dots, following the Förster resonance energy transfer with a 1/d6 distancedependence.
c). The large sized gold nanoparticles quench the fluorescence emission much effectively than
the small sized gold nanoparticles, which is attributed to the effect of electromagnetic field
enhancement due to the excitation of LSPR. Also, the increasing spectral overlap between the
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LSPR absorption and the emission of quantum dots contributes to the increasing quenching
efficiency.

6. The QD/DNA/gold system is able to be applied for Hg2+ detection in robust aquatic
environments. The developed NSET sensor with 3 nm gold nanoparticles as the quencher can
realize the specific Hg2+ detection with high selectivity and a detection limit of 0.4 ppb in a PBS
solution. The excellent selectivity for Hg2+ ions over other environmental ions is attributed to the
specific chelating ability with DNA through the formation of T-Hg2+-T complexes. In addition,
the anti-interference capability has been demonstrated because of specific detection of Hg2+ in
the presence of various environmental ions. The developed QD/DNA/gold sensor can be also
applied in the river water matrix for Hg2+ detection with a detection limit of 1.2 ppb.

8.2 Remarks on future research
Surface plasmon-enhanced phenomena (e.g. SERS and RET), as a subfield of nanophotonics,
have emerged in recent several decades, and are reforming photovoltaic devices and analytical
techniques with ultrasensitive detection in chemical and biological applications. Applications of
these effects are still in its infancy, and experimental and theoretical investigations are in high
demand to understand the underlying physical essence and to construct the applicable devices.
Based on the present investigation and my understanding, I recommend the following work to be
done in the future:
1. The results shown in Chapter 3 have indicated that charge transfer can occur from gold to the
surface ligands with favorable electronic level, which contributes to the SERS enhancement. It is
essential to theoretically investigate the underlying physical essence about the charge transfer
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between gold nanoparticles and surface molecules. What kind of molecular levels are needed to
facilitate the electron transfer? What magnitude of electromagnetic contributions can be achieved
by charge transfer? Theoretical investigations could clarify these questions and thus provide
thorough understanding on the present work.
2. In Chapters 4 and 5, it was mentioned that encapsulation of a large number of MGITC
molecules inside the SiO2 layer renders strong signal amplification ability and high sensitivity to
the developed SERS sensor. Despite that it seems for sure, different MGITC amounts in the SiO2
layer should be performed and then the sensitivity of SERS sensors is checked.
3. Experiments have demonstrated that the ultrasensitive SERS sensor can be developed, which
is based on the gold nanostar@MGITC@SiO2 as the signaling probe. It was mentioned that
SERS possesses facile potential multiplexing capability because of its unique spectral
characteristics. Therefore, the future work should focus on the development of SERS sensors
with multiplexing detection capability.
4. Chapter 6 has shown that different sized gold nanoparticles result in different energy transfer
mechanisms (NSET and FRET). It is suggested that the enhanced energy transfer with the
increasing size of gold nanoparticles is attributed to the enhanced electromagnetic field due to
the excitation of localized surface plasmon resonance and the increasing spectral overlap
between LSPR absorption and emission spectra. Theoretical simulation on effect of
electromagnetic field on energy transfer will strengthen understanding of the underlying physical
essence. It is also predicted that both NSET and FRET mechanisms exist in the energy transfer
systems containing various sized gold nanoparticles. Theoretical simulation will show the
contributions of NSET and FRET present in these systems.
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